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ABSTRACT

Niche shifts, species distributions, and genetic diversity in Gymnophthalminae lizards, with a
focus on microclimates and thermophysiology
by
Maria Louisa Strangas

Advisor: Ana Carolina Carnaval

The environmental niche is a central organizing concept in the study of ecology and evolution, as
the environmental conditions in which species can persist (their fundamental niches) and the
conditions in which they occur (their realized niches) can shape spatial and temporal patterns of
biodiversity at multiple scales. How organisms at different levels of biological organization are
affected by environmental heterogeneity has consequences for the distribution of genetic and
phenotypic diversity, yet the mechanisms through which this occurs are poorly studied. In this
dissertation, I present three research chapters that explore how species’ traits and their
microclimatic environments shape biodiversity patterns across geographic space and throughout
evolutionary time. I focused on a group of Neotropical lizards distributed throughout Central and
South America, the Gymnophthalminae clade of the Gymnophthalmidae family. First, I
described spatial and temporal patterns of biodiversity in the Gymnophthalminae clade of
Gymnophthalmidae lizards. By combining custom exon capture genetic data with environmental
data, I found that the use of ecologically-informed microclimatic environmental variables
uncovered more complex patterns of niche shifts throughout the history of this group than did
more commonly used macroclimatic variables. Second, I explored the ecological mechanisms
iv

that shape species distributions for three montane species that occupy the Atlantic Forests of
Brazil. To ask whether the physiological traits that delimit the species’ fundamental niches
explain their present-day range limits, I created spatial models of thermophysiological suitability
across the Atlantic Forest of Brazil for three species. I found that thermophysiological constraints
in the warm edge of the distribution, while commonly inferred to drive range contractions and
expansions in this system, do not restrict the ranges of these species to high elevations. Third, I
investigated the ecological mechanisms through which species’ phenotypic traits interact with
microclimatic conditions, resulting in the generation of genetic and genomic diversity in the cold
edge of a species range. I found evidence that divergence in isolation has been an important
driver of evolution in this system. In particular, poor thermophysiological performance in cool
environments best predicted intraspecific patterns of genetic diversity. Common to all chapters is
the use of novel, integrative approaches tied to empirical studies to investigate the many different
ways environmental heterogeneity and species’ environmental niches shape species distributions
and genetic diversity.
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INTRODUCTION
The environmental niche is a powerful concept in the study of biodiversity. While
definitions of the niche abound (Elton, 1927; Grinnell, 1924; Hutchinson, 1957), the
environmental niche is commonly described as the set of environmental conditions that allows a
species to survive (Soberon & Nakamura, 2009; Vandermeer, 1972). While the fundamental
environmental niche describes the set of conditions in which a species is able to persist given its
traits, the realized environmental niche refers to the environmental conditions in which the
species actually occurs (Hutchinson, 1957). A species’ realized niche may differ from its
fundamental niche for multiple reasons (Jackson & Overpeck, 2000), including the presence of
competitors (Tingley, Vallinoto, Sequeira, & Kearney, 2014), predators (Damasceno, Strangas,
& Carnaval, 2014; Vanzolini & Williams, 1981), pathogens (Ricklefs, 2010), and habitat
availability (Broennimann et al., 2011; Warren, Glor, & Turelli, 2008), as well as the organisms’
dispersal ability and demographic history (Angert, 2009; Jakob, Heibl, Rödder, & Blattner,
2010). As such, the study of the environmental niche brings together ecological and evolutionary
processes: over time, the interactions of organisms’ traits with the environment shape species’
distributions and genetic diversity across multiple phylogenetic and spatial scales (Rodrigues et
al., 2009a).
How the fundamental niche manifests into spatial and temporal patterns of biodiversity
depends greatly on environmental heterogeneity, and on how organisms at different levels of
biological organization are affected by it (Chase & Myers, 2011; Gaston, 2003; Grinnell, 1924).
In response to changing environments across space and through time, individuals, populations
and species may retain their fundamental niches, and move into new geographic areas to avoid
novel conditions, expand their ranges, or become excluded from inhospitable areas (Donoghue,
1

2008). Populations and species may also evolve adaptations to novel conditions through a
process of niche evolution (E. J. Edwards & Donoghue, 2013). All scenarios have consequences
for the distribution of genetic and phenotypic diversity, yet the mechanisms through which this
occurs are poorly studied (Cabral & Kreft, 2012; Kearney, 2006). In this dissertation, I
investigate the processes and mechanisms by which species’ fundamental and realized
environmental niches influence patterns of biodiversity. In particular, I ask how species’
physiological traits and their microclimatic environments shape biodiversity across temporal,
spatial and biological scales. To do so, I explore the drivers of biogeographic and phylogenetic
patterns, species range limits, and intra-specific genetic diversity.
I focus on a group of Neotropical lizards, the Gymnophthalminae clade of the
Gymnophthalmidae family, as a model system. This group consists of 42 species that are
distributed throughout distinct geographic regions and environments in Central and South
America (Goicoechea et al., 2016; K. C. M. Pellegrino, Rodrigues, Harris, Yonenaga-Yassuda,
& Sites, 2011). Species are found in a range of environments, from the wet forests of Central
America, Amazonia, and the lowland Atlantic Forest, to the dry savannas of the Cerrado region
and the Guiana Shield. Others occur in the warm sand dunes of the semi-arid Caatinga, or in
rocky high elevation fields within the Atlantic Forest (Camacho et al., 2015; Grizante, Brandt, &
Kohlsdorf, 2012; Recoder, Ribeiro, & Rodrigues, 2013; Rodrigues et al., 2009a) Taxa within the
Gymnophthalminae clade also display different thermophysiological tolerances (Camacho et al.,
2015) and a variety of thermoregulatory behaviors: for instance, some species are known to
burrow in sand to avoid high temperatures (Camacho et al., 2015), while others move between
shade and sun on the substrate surface to thermoregulate (Barros, Herrel, & Kohlsdorf, 2011).
The broad range of environments, geographic areas, and phenotypes found within this subfamily
2

provides an opportunity to evaluate the processes and mechanisms associated with niche
occupancy, niche shift, and their effects on species distributions and genetic diversity, across
multiple phylogenetic and spatial scales.
Each chapter of this dissertation investigates the role of environmental heterogeneity and
species’ responses on biodiversity at a unique temporal, spatial, and biological scale. The
chapters include a large-scale analysis of continental patterns of biodiversity and how they relate
to niche shifts over evolutionary time, a regional-scale study of the evolutionary processes and
ecological mechanisms shaping species distributions within a forest domain, and a landscapescale investigation of the environmental mechanisms driving intra-specific genetic and genomic
diversity within a single national park.
In my first research chapter, I ask how shifts in species’ realized environmental niches
shaped large-scale biogeographic patterns of Gymnophthalminae lizards across South America.
In this study, I characterized how Gymnophthalminae species have responded to environmental
change over millions of years, whether by shifting to novel environmental niches or geographic
areas, or using thermoregulatory strategies to buffer themselves from novel conditions. To this
end, I generated genomic data through custom exon capture, created a well-supported
phylogenetic tree for 40 species, and reconstructed the group’s biogeographic history. Using this
biogeographical reconstruction, I evaluated shifts in species’ realized niches over evolutionary
time, comparing results derived from environmental data at the macroclimatic (ambient) and
microclimatic (substrate) levels. In addition to describing the phylogenetic and biogeographic
patterns of the Gymnophthalminae, this chapter demonstrates the effect of integrating
biologically-relevant environmental data into macroecological and evolutionary studies.
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In my second research chapter, I explored the ecological mechanisms that shape species
distributions for three montane species that occupy the Atlantic Forests of Brazil, asking whether
the physiological traits that delimit the species’ fundamental niches explain their present-day
range limits. Here, I integrated thermodynamic models of microclimatic conditions with
empirically-derived thermophysiological data to model species-specific thermal suitability across
the Atlantic Forest domain for Caparaonia itaiquara, Colobodactylus dalcyanus, and Mabuya
dorsivittata. In doing so, I generated novel data on these species’ thermal tolerances, thermal
preferences, and temperature-dependent sprint performance. By comparing models of thermal
suitability to the geographic range of each species, I evaluated whether thermal sensitivity in
physiological performance is the primary mechanism through which environmental
heterogeneity restricts montane lizards to high elevations.
In my third and final research chapter, I conducted a comprehensive study of how
evolution and stasis of a species’ fundamental niche can drive genetic diversity. Specifically, I
explored how two evolutionary forces, adaptive and non-adaptive divergence, tied to selection
and isolation, may have led to intra-specific diversification in the lizard Caparaonia itaiquara. In
this context, I investigated the ecological mechanisms through which the species’ phenotypic
traits interact with microclimatic conditions, resulting in the generation of genetic and genomic
diversity. For this, I generated population level genomic data using double digest Restriction-site
Associated DNA Sequencing (ddRADseq), and collected novel data on morphological and
physiological traits across the species. Building from the methods developed in my second
chapter, this study creates mechanistically based spatially explicit models of thermal suitability;
however, here I generated them not only under current climatic conditions, but also under former
climates. By integrating these models with landscape descriptors and population genomic data, I
4

developed and implemented a novel framework for investigating how environmental and
topographic complexity shape genetic diversity.
Common to all chapters is the use of integrative approaches to explore how the
environmental niche relates to biodiversity patterns. Throughout, I incorporated species-specific
natural history and phenotypic (particularly physiological) data with distribution data and genetic
information in novel ways. In doing so, I explored complex responses to environmental
heterogeneity throughout Gymnophthalminae lizards, with an emphasis on poorly understood
species in a biodiversity hotspot, the Atlantic Forest of Brazil.

5

CHAPTER 1
CHARACTERIZING REALIZED NICHES WITH MICROCLIMATIC DATA IMPACTS
INFERENCES OF NICHE SHIFTS IN NEOTROPICAL LIZARDS.

1.1 Abstract

Uncovering how species have moved across geographic areas and environmental conditions
throughout their evolutionary history is important for understanding the processes that generate
biodiversity. However, many present-day assessments of species’ realized niches do not
incorporate crucial information about the environmental conditions to which species are actually
exposed. In this study, I propose and implement a new integrative framework to study the
prevalence and patterns of climatic niche shifts over space and time, focusing explicitly on how
the incorporation of data on microclimatic conditions and microclimate use changes our
understanding of shifts in the realized niche. Using a group of Neotropical lizards, the
Gymnophthalminae clade of the Gymnophthalmidae family, as a model system, I implement a
targeted exon capture approach to generate a robust phylogenetic hypothesis. I estimated the
geographic areas occupied throughout the history of the group and identified potential climatic
niches and niche shifts across the phylogenetic tree using commonly used macroclimatic
variables as well as novel microclimatic variables. To describe the realized niche and identify
niche shifts using microclimatic variables, I incorporated habitat-specific variables to estimate
microclimatic conditions and accounted for the impact of thermo-physiology and
thermoregulatory behavior on the microclimatic conditions that the organisms experience. The
use of macroclimatic variables identified fewer shifts relative to microclimatic variables, and
6

shifts inferred from macroclimatic variables and microclimatic variables were found to occur at
different points during the evolutionary history of the group. I found that incorporating
microclimatic variables altered inferences of shifts in realized climatic niches across the
phylogeny of Gymnophthalminae lizards. Differences in the number and pattern of inferred
niche shifts depending on the choice of variables highlight the importance of incorporating
biologically realistic information in studies of niche conservatism and evolution, even at macro
ecological scales.

1.2 Introduction
Efforts to characterize the environments that species occupy, and how they differ across
closely related species, have been at the core of many studies of diversification dynamics and
speciation processes (Crisp et al., 2016; Donoghue & Edwards, 2014). Frequently, the set of
occupied environments (the species’ realized niche, sensu Hutchinson 1957) is inferred from a
set of measurable environmental conditions that occur within the species’ current known range,
often obtained from interpolated weather-station information (Hijmans, Cameron, Parra, Jones,
& Jarvis, 2005). Ultimately, and with many caveats (Kearney, 2006; Peterson, Papeş, & Soberón,
2016), these measurements are used to approximate species’ fundamental niches (the sets of
environments in which the species are able to persist, sensu Hutchinson (1957). In turn, this is
used to guide inferences and develop hypotheses about the history of niche evolution across
closely related taxa (e.g. Ahmadzadeh et al., 2013; Carnaval, Hickerson, Haddad, Rodrigues, &
Moritz, 2009; Evans, Smith, Flynn, & Donoghue, 2009; Graham, Ron, Santos, Schneider, &
Moritz, 2004; Kozak & Wiens, 2006; Ortego, Gugger, Riordan, & Sork, 2014; Pyron, Costa,
Patten, & Burbrink, 2014).
7

Yet, most present-day assessments of realized niches and the inferences about niche
evolution to which they lead fail to incorporate crucial information about the environmental
conditions to which species are actually exposed in nature (Potter, Arthur Woods, & Pincebourde,
2013). For instance, as a result of microhabitat selection and thermoregulatory behavior,
ectotherms can reach body temperatures that differ from ambient air temperatures (Munoz et al.,
2014; Stevenson, 1985). As a result, species that occupy different macroclimatic environments
may experience microclimates that are similar to each other (Kearney & Porter, 2009; Scherrer
& Koerner, 2011). Alternatively, species that occur in areas of similar macroclimates, or even
syntopically, may experience very different temperatures and humidity levels (Camacho et al.,
2015). While in reality they may occupy different microclimatic environments, a niche analysis
based solely on interpolated atmospheric conditions may wrongfully lead to the opposite
conclusion.
In this study, I propose and implement a new integrative framework to study the
prevalence and patterns of climatic niche shifts over space and time, focusing explicitly on how
the incorporation of data on microclimatic conditions and microclimate use change our
understanding of the realized niche. I use a group of Neotropical lizards, the Gymnophthalminae
clade of the Gymnophthalmidae family, as a model system. This group consists of 42 currently
recognized species that are distributed throughout many distinct geographic regions and
environments in Central and South America (Pellegrino et al., 2011). Several species occupy the
wet forest environments of Central America, Amazonia and the lowland Atlantic Forest, while
others are in the dry savannas of the Cerrado region and the Guiana shield. Still others are
restricted to the warm sand dunes of the semi-arid Caatinga, or in cool, high elevation fields
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within the Atlantic Forest (Camacho et al., 2015; Grizante et al., 2012; Pellegrino et al., 2011;
Recoder et al., 2013; Rodrigues et al., 2009a).
Given the disparate habitats and environments occupied by members of this group,
previous work suggested that ecological tolerance traits may be evolutionarily labile in
gymnophthalmid lizards, allowing lineages to persist and diversify in response to historical
climatic events (Damasceno et al., 2014). Moreover, taxa within the Gymnophthalminae clade
display different types of thermoregulatory behavior, whether burrowing in sand to avoid high
temperatures (Camacho et al., 2015) or moving between shade and sun on the substrate surface
(Barros et al., 2011). Using this system, I assess historic shifts in geography, habitat use, and in
the realized climatic niche, contrasting perspectives using macroclimatic and microclimatic
variables.

1.3 Methods

Overview. To infer shifts in geography and in the realized niche as described by macroclimatic
and microclimatic variables, I took a multi-step approach (Fig 1.1). First, to infer a robust
phylogenetic hypothesis for the Gymnophthalminae clade, I generated a high volume of DNA
sequence data through custom exon capture for 38 species. Based on this inferred tree, I
estimated the geographic areas occupied throughout the history of the group using the program
BioGeoBEARS (Matzke, 2013).
Next, I characterized realized niches using macro and microclimatic variables. I compiled
occurrence records for each species and used these records and data from Worldclim (Hijmans et
al., 2005) to estimate the macroclimatic conditions experienced by each species. I then used the
9

program NicheMapR (Kearney & Porter, 2016) to apply a thermodynamic model that
incorporated data on substrate type and shade coverage to estimate the microclimatic conditions
available at each occurrence site. Because which microclimatic conditions are experienced at a
particular site also depends on the species’ behavior and physiology, I incorporated natural
history information and data on physiological tolerances to determine which microclimatic
conditions organisms at each site actually experience. Finally, using macro and microclimatic
variables separately, I implemented the program SURFACE (Ingram & Mahler, 2013) to fit models
of evolution to the phylogeny, given the climatic conditions associated with each species. This
allowed us to infer shifts in realized climatic niche over time using both macro and microclimatic
data.

Phylogenetic and Biogeographic Inference

Genetic Data. Studying the historical biogeography and shifts in climatic niche within this group
required a well-resolved species tree. To guide the selection of specimens to include in this
phylogeny, I first generated a guide tree using the mitochondrial gene NADH dehydrogenase
subunit 4 (ND4; Dolman & Hugall, 2008). Details can be found in Appendix 1. From this
phylogeny, I selected two to ten individuals from each species for further genetic analyses.
I then used exon capture to obtain large amounts of genetic data and generated a species
tree. I constructed genomic libraries for 112 specimens following the protocol of (M. Meyer &
Kircher, 2010) using modifications described in Bi et al. (2012). Sequencing protocol and quality
control followed Bragg, Potter, Bi, & Moritz (2015), and sequence alignment was done with the
EAPhy pipeline (Blom, 2015). Details can be found in Appendix 1.
10

Species Tree Inference. To infer the phylogenetic relationships among Gymnophthalminae
species, I used Astral II 5.0.1 (Mirarab & Warnow, 2015). This method estimates species tree
topologies by comparing gene trees generated from many different genetic loci, and is
statistically consistent with a coalescent framework. Gene trees for each locus were generated
with RaxML (Stamatakis, 2006). For each gene tree, this method allowed for up to 10% missing
data and generated 100 pseudoreplicates for bootstrapping. These gene trees were input to Astral
II to estimate a species tree using the option to include data from multiple individuals per species.
Because the placement of the genera Psilops, Micrablepharus, and the clade containing
Calyptommatus, Nothobachia and Scriptosaura showed low nodal support values, I also
performed an independent alignment restricted only to individuals within the clade containing
these genera, and to subject this group to an independent phylogenetic analysis. This approach
allowed us to employ a greater number of loci to assess phylogenetic relationships and to
estimate nodal support within this subgroup.

Historical biogeography inference. To infer the biogeographic history of the group, I first
estimated the ancestral ranges of all clades in the Gymnophthalminae phylogeny. To this end, I
split our study region into four geographic regions corresponding to the present-day regions of
the Atlantic Forest, Caatinga, Cerrado plus Chaco, and Northern South America. Regions were
defined by merging adjacent ecoregion designations from World Wildlife Foundation (Olson et
al., 2001; Fig 1.2). Under the designation of Northern South America, I included Amazonia and
the Guiana Shield, as well as Central America, and Caribbean islands. While these areas have
unique histories and biogeographic significance, I opted to merge these areas for simplicity; none
11

of the species in this study are unique to the Guiana Shield, Central America or the Caribbean. I
assigned each species to their primary geographic region(s) by determining which region or
regions encompassed 75% or more of their occurrence records (details regarding occurrence
records can be found below).
I then used BioGeoBEARS (Biogeography with Bayesian and Likelihood Evolutionary
Analysis in R Scripts; (Matzke, 2013) to estimate the geographic ranges across the phylogeny. I
implemented and compared six different biogeographic models: dispersal-extinctioncladogenesis (DEC; (Ree, Moore, Webb, & Donoghue, 2005), DEC with founder events (DECj),
a maximum likelihood implementation of dispersal-vicariance analyses (DIVALIKE; Ronquist,
1997); DIVALIKE with founder events (DIVALIKEj); a maximum likelihood implementation of
the BayArea model (BayAreaLIKE; Landis, Matzke, Moore, & Huelsenbeck, 2013); and
BayAreaLIKE with founder events (BayAreaLIKEj). I allowed each ancestral node to occupy a
maximum of three areas. These models were then compared through the Akaike information
criterion (AIC) and AIC weights (Burnham & Anderson, 2003; Wagenmakers & Farrell, 2004).

Characterizing realized niches with macro- and microclimatic variables

Occurrence data. I compiled occurrence records for each species for which I had genetic data,
resulting in 2000 individual records in total (Table S1.3). Points were checked for accuracy by
ensuring that the geographic coordinates of each point corresponded to the municipality listed
under the collection notes, and I only included occurrence points collected within the last 15
years to reduce the risk of mismatch between the environmental conditions in which they
occurred and the conditions described by present-day environmental layers. Duplicate records
12

were removed within every species. To reduce the impacts of sampling bias and resulting
artefactual spatial autocorrelation, the records were spatially filtered to 10 km in the R package
spThin (Aiello-Lammens, Boria, Radosavljevic, Vilela, & Anderson, 2015).

Shifts in Habitat Use
I also inferred shifts in habitat use through time, which for these taxa equates to a
combination of activity patterns and burrowing depth. For this, I again used BioGeoBEARS to
estimate ancestral states (Matzke, 2013). I considered separately whether the species is
exclusively fossorial or whether it is known to emerge to bask and the maximum substrate depth
used by each species. Data for present-day species were compiled from natural history
observations from published literature and field notes (Table S1.1).

Niche descriptions based on macroclimatic data. To characterize the macroclimatic conditions at
each occurrence point, I extracted values from the 19 WorldClim bioclimatic variables at 30 sec
spatial resolution (Hijmans et al., 2005). To reduce collinearity within the dataset and increase
interpretability of downstream analyses, I selected a subset of these 19 variables. This process,
described in Appendix 1, led to the retention of six bioclim variables: mean diurnal temperature
range (Bio2), temperature isothermality (Bio3), temperature seasonality (Bio4), maximum
temperature of the warmest month (Bio5), cumulative precipitation of the wettest month (Bio13),
and cumulative precipitation of the driest month (Bio14). I identified the centroid of each species’
climatic niche by calculating the mean of each of these six macroclimatic variables across all
occurrence points for the species.
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Niche descriptions based on microclimatic data. To describe the microclimatic conditions
experienced by each species I took a two-step approach (Fig 1.1c). First, I estimated the
distribution of hourly temperature and humidity values available at each occurrence point using
data on macroclimate, vegetation coverage, and soil properties. Second, I estimated the
conditions that organisms in each site experience given their physiological tolerances and
ecology.
To characterize the microclimatic conditions available at each occurrence point I used the
microclimate model in the R package NicheMapR version 1.2 (Kearney & Porter, 2016). Using
NicheMapR, I estimated temperature and humidity at the soil surface and at several depths below
the soil for the maximum and minimum shade coverage available at each location. I assigned
maximum shade coverage of 90% for each site and extracted vegetation coverage from the
remotely-sensed MODIS product Vegetation Continuous Fields (1km2 resolution;
www.glcf.umd.edu/data/vcf/index.shtml) to set the minimum shade coverage (i.e., maximum
sun) for each site. The soil substrate for each site was assigned using a map of silt and clay
composition (1 km2 resolution; www.soilgrids.org), which was categorized as sand, soil, or rock
following (G. S. Campbell & Norman, 1998). For the purposes of microclimate description,
temperature and humidity data were used for the substrate surface, at 2.5cm below the surface,
and at 5cm below the surface–for both minimum and maximum shade conditions–at each
occurrence point. These data were generated for every hour of the day, one day per month.
I estimated the conditions experienced at each occurrence point using the ectotherm model
in NicheMapR. With this program, I combined the outputs of the microclimate model with
physiological, behavioral and natural history data to model how organisms move between
substrate depths, or from sunny to shaded spots, to seek out different environmental conditions. I
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used data on thermal preference, critical thermal minimum and maximum, voluntary thermal
minimum and maximum, and the temperature at which organisms are expected to emerge from
their burrows and bask. Details on the physiological and behavioral parameters used in the
analysis can be found in Appendix 1. In addition, I used information on activity patterns and
substrate use to inform which microhabitat conditions were available to each species (Table
S1.1). For example, species known to burrow to a depth of 5cm below the surface were allowed
to access conditions at the substrate surface, 2.5cm below ground, and 5cm below ground. In
contrast, species that do not burrow were only allowed to access the substrate surface in the
model.
I used the outputs of the ectotherm model to characterize each species’ realized climatic
niche. I summarized these values into micro-bioclimatic variables using the biovars function of
the R package dismo (Hijmans et al., 2005), corresponding to the Bioclim variables of the
climatic dataset WorldClim (Hijmans et al., 2005). However, because NicheMapR derives
estimates of relative humidity rather than precipitation, in the microclimatic dataset these were
used in place of precipitation descriptors.

Identifying Shifts in Realized Niche

To identify which lineages occupied different climatic niches and to infer shifts in those
niches over evolutionary time, I used the R package SURFACE (Ingram & Mahler, 2013).
SURFACE employs maximum likelihood to fit Ornstein-Uhlenbeck models of trait evolution
(Hansen, 1997) to a given phylogeny and multivariate trait data. In applying SURFACE to macro
and microclimatic data, I assume that lineages occupy and change environments over
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evolutionary time such that the centroids of their realized niches tend toward discrete climatic
spaces. Lineages evolving towards the same climatic space were assumed to be responding to
similar selective pressures. Based on the phylogenetic relationships and occupied climatic space
of each species, SURFACE assigns each lineage to a selection regime. AICc was used to identify
the best supported model of selection regimes and regime shifts. In this context, these selection
regimes can be seen as representing distinct climatic niches.
To describe the differences in the environmental conditions corresponding to each
macroclimatic and microclimatic niche regime identified by SURFACE, I used the R package
MASS

(Venables & Ripley, 2002) to conduct environmental Linear Discriminant Function

Analyses with the micro- and macro-climatic datasets independently. To test for the effect of the
underlying data sources, I also ran SURFACE using the bioclimatic variables directly derived from
10 arcmin (New, Lister, Hulme, & Makin, 2002) data, and using bioclimatic variables from
Worldclim at 10min resolution.

1.4 Results

Phylogenetic Inference

Exon capture and sequencing yielded a mean coverage of 39.37x per sample (min=7.52;
max=79.41), with an average of 328.28 loci per sample (min=0; max=584). Three species,
Vanzosaura rubricauda, Heterodactylus septentrionalis and Gymnophthalmus cryptus were not
represented in the final dataset, likely due to degraded DNA in the tissue samples. However,
congeners of Vanzosaura rubricauda and Gymnophthalmus cryptus that occupy the same
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habitats and geographic areas were included. When allowing for 10% missing individuals I
retained 160 loci.
The species tree generated with these exonic loci recovered two highly supported major
clades (Fig 1.2, S1), corresponding to previously identified clades (Fig S1.1; (Castoe, Doan, &
Parkinson, 2004; Goicoechea et al., 2016; K. Pellegrino & Rodrigues, 2001). Most relationships
within the phylogenetic tree had node support >0.99, with the exception of the placement of
Psilops paeminosus (0.77) and the clade consisting of Nothobachia, Scriptosaura and
Calyptommatus (0.79), which are separated by a shallow internode, and the placement of
Micrablepharus (0.42). To determine the appropriate placement of Micrablepharus, I repeated
the same analyses with a smaller subset of species, in order to increase the number of usable loci.
In this analysis, I retained 219 loci and recovered the same topology as previously (Fig S1.2).
Bootstrap support rose to 0.8 for the node connecting Micrablepharus and the lineage leading to
Procellosaurinus and Vanzosaura species.

Historical Biogeography
Analyses of historical biogeography showed multiple geographic shifts throughout the
history of the Gymnophthalminae (FIg 1.2), and repeated colonization or vicariance events
across South American regions. Of the six biogeographic models tested, DEC and DEC+J
showed the best fits, with AICc scores of 87.19 and 85.85, respectively. Both models recovered
the same biogeographic patterns and processes. They indicate that 1) the subfamily likely
originated in the area currently occupied by the Atlantic Rainforest, 2) two geographic shifts or
vicariance events throughout the history of the group led lineages from the Atlantic Rainforest to
occupy the semi-arid Caatinga and the wet and dry forests of Northern South America, and 3)
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three shifts or vicariance events occurred between the semi-arid Caatinga and Northern South
America. I also found evidence for three recent expansions or shifts into the savannahs of the
Cerrado region, occurring more recently and affecting younger lineages.

Shifts in Habitat Use
I found multiple shifts in habitat use throughout the phylogeny, in both basking behavior
and maximum substrate depth used. I identified two shifts to fossoriality in the
Gymnophthalminae, for the Atlantic Forest clade containing Colobodactylus, Caparaonia, and
Heterodactylus (node 22, Fig S1.3), and the Caatinga clade containing Scriptosaura,
Nothobachia and Calyptommatus (node 6, Fig S1.3). Shifts in maximum substrate depth
accompanied these shifts, with the clade containing Colobodactylus, Caparaonia, and
Heterodactylus shifting from a maximum depth of -2.5cm to a maximum depth of -5cm (node 22,
Fig S1.3), and the clade containing Scriptosaura, Nothobachia and Calyptommatus shifting to a
maximum depth of -10cm (node 6, Fig S1.3). Additionally, the lineage leading to Psilops
paeminosus exhibited a shift from a maximum depth of -2.5cm to -5cm (node 5, Fig S1.3).

Niche Shifts inferred with Macroclimatic Variables

When inferring realized niche shifts with macroclimatic data, I identified four climatic
niche regimes and five shifts in total (Fig 1.3a). The observed climatic niche regimes segregated
across geographic space with little overlap (Fig 1.3c). The separation among these regimes in
climatic space was described by three discriminant functions: the first describing 65.32% of the
separation, the second 29.12%, and the third 5.56% (Fig 1.3b). The climatic niche assigned to
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most species in the Atlantic Forest was inferred to be ancestral to the group (brown, Fig 1.3), and
is characterized by colder temperatures and higher precipitation during the driest month, relative
to other niches. One species in the Atlantic Forest, Colobodactylus dalcyanus, is assigned to a
different climatic niche, with slightly higher isothermality (right-most blue point, Fig 1.3b). The
use of macroclimatic variables also identified that species occurring in Northern South America,
the Cerrado and the Caatinga share a climatic niche regime (dark green, Fig 1.3) characterized by
warm temperatures and low seasonality, with the exception of two species. Tretioscincus
oriximinensis, found in central Northern South America, occupies a climatic regime
characterized by a higher diurnal temperature range, more precipitation in the driest month, and
higher isothermality (light brown in Fig 1.3). Scriptosaura catimbau, found in the Caatinga,
occupies slightly cooler environments (top light blue point in Fig 1.3b).
Surprisingly, the SURFACE analysis assigned Colobodactylus taunayi and Scriptosaura
catimbau to the same niche. While Colobodactylus taunayi and Scriptosaura catimbau currently
occupy very different macroclimatic environments, as inferred using WorldClim variables (Fig
1.2b), SURFACE has identified them as potentially being in the very early stages of evolving
towards the same climatic space.

Niche Shifts inferred with Microclimatic Variables

Using the ecologically-informed microclimatic data, I identified five climatic niche
regimes and eight niche shifts throughout the evolutionary history of the group (Fig 1.4a). In
contrast to the macroclimatic variables, the use of microclimatic variables revealed substantial
overlap of climatic regimes in geographic space, particularly in the Cerrado and Caatinga regions
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(Fig 1.4c). Discriminant Function Analyses identified four discriminant functions separating the
regimes; the first described 61.4% of the separation, the second 21.91%, the third 9.44 %, and
the fourth 7.25%.
As with the results from the macroclimatic analyses, SURFACE analyses with microclimatic
variables found that the climatic niche assigned to species in the Atlantic Forest was inferred to
be ancestral to the group (orange, Fig 1.4a); Discriminant Function Analyses showed that this
climatic regime is characterized by low diurnal temperature range and high temperature
seasonality (orange, Fig 1.4b). In contrast to the ancestral regime identified in macroclimatic
analyses, this niche is also assigned to Alexandresaurus camacan, placing the inferred shift out
of the ancestral regime in a different node on the tree (node 23 with microclimatic data, node 22
with macroclimatic data).
Several clades are characterized by the same microclimatic niche, shown in gray in Fig 1.4:
the clade comprising the genera Gymnophthalmus, the Psilops lineage, the clade comprising the
genus Tretioscincus and the clade comprising genera Rondonops, Iphisa Acratosaura, Stenolepis,
and Colobosaura. Species in these groups occupy a wide array of habitats, including leaf litter
habitats in the wet (e.g., Rondonops, Iphisa) and dry (e.g., Gymnophthalmus, Tretioscincus)
forests of Northern South America, gallery or relictual forests of the Caatinga (e.g., Acratosaura,
Stenolepis), the dry grasslands and gallery forests of the Cerrado (Colobosaura), and the sandy
open habitats of the Caatinga (Psilops). Overall, this microclimatic regime is characterized by
low temperature seasonality and low humidity (gray, Fig 1.4b).
The use of microclimatic variables identified two shifts in occupied climate that were not
observed with macroclimatic variables. One, assigned to several semi-fossorial species that
occupy the sand dunes of the Caatinga, (genera Calyptommatus, Nothobachia, and Psilops; node
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6, Fig 1.4a) is characterized by high diurnal temperature ranges and isothermality (dark purple,
Fig 1.4). In the second instance, a clade of species found in the grasslands of the Cerrado and in
open habitats in the Caatinga (genera Procellosaurinus, Vanzosaura, and Micrablepharus) is
assigned to the microclimatic regime shown in light purple (node 7, Fig 1.4a). According to
Discriminant Function Analyses, species in this regime experience very warm and dry
environments (Fig 1.4b). Two shifts in climatic regime observed using macroclimatic variables
were not observed with microclimate: in the lineages leading to Colobodactylus dalcyanus (node
33) and Tretioscincus oriximinensis (node 14).
As with macroclimatic variables, analyses with microclimatic variables detected a shift in
climatic regime in the lineage leading to Scriptosaura catimbau (node 18), a species found in
open sandy habitats of the Caatinga region. This microclimatic regime is characterized by cooler
temperatures in the warmest month, high temperature seasonality and high precipitation of the
driest month.

1.5 Discussion

Incorporating microclimatic variables altered inferences of shifts in realized climatic
niches across the phylogeny of Gymnophthalminae lizards. Differences in the number and
pattern of inferred niche shifts depending on the choice of variables highlight the importance of
incorporating biologically realistic information in studies of niche conservatism and evolution,
even at macro ecological scales. The use of macroclimatic variables identified fewer shifts
relative to microclimatic variables, and shifts inferred from macroclimatic variables and
microclimatic variables were found to occur at different points during the evolutionary history of
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the group. I identified only two instances in which niche shifts occurred at precisely the same
point on the phylogeny based on both macro and microclimatic data: in one case, analyses with
both macroclimatic and microclimatic variables indicated a shift from cool to warmer
environments (between the clade consisting of Colobodactylus, Acratosaura, Rondonops and
close relatives in cool environments, and the remaining genera in warmer environments, node 3,
FIg 1.3, 1.4), and in the other, a shift from warmer to cooler environments (separating
Scriptosaura from Nothobachia, node 18, Fig 1.3, 1.4).
In several instances, the use of microclimate variables demonstrates that species in sites
of close proximity experience different environmental conditions (Fig 1.3c, Fig 1.4c). This is the
case for several species that occur in the sand dunes of the Caatinga (e.g., Calyptommatus) and
some species in the Cerrado (e.g., Micrablepharus). Although the macroclimate-based analysis
concluded that these taxa all occupy similar climatic niches, the microclimate-based analysis
demonstrated that they experience distinct sets of environmental conditions. The incorporation of
data on microhabitat use and physiology reveals that Calyptommatus species experience much
broader daily temperature ranges than Micrablepharus.
I also find examples of potential microclimatic buffering: while macroclimatic variables
indicate that Colobodactylus taunayi and C. dalcyanus occupy different niches, the
microclimatic-focused analysis, by incorporating knowledge of the semi-fossorial nature of these
taxa, suggests that they in fact experience similar environmental conditions and occupy the same
climatic niche. These differences in conclusions about shifts in realized climatic niche through
evolutionary time indicate the important role of behavior and microclimate selection in
determining the conditions experienced by different species (Buckley, Ehrenberger, & Angilletta,
2015; Kearney, Matzelle, & Helmuth, 2012; Munoz et al., 2014).
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Many different processes appear to drive environmental diversification within this group
(Moritz, Patton, Schneider, & Smith, 2000). For instance, whether lineages exhibit evidence for
shifts in their realized climatic niches is not dependent on their biogeographic history. Some
observed niche shifts identified using microclimatic variables appear to be associated with range
shifts. This can be seen between Micrablepharus, Vanzosaura and Procellosaurinus in the
Caatinga area and Tretioscincus in Northern South America (node 7, Fig 1.1 and 1.3), and
Stenolepis and Acratosaura in the Caatinga, and Colobosaura, Iphisa and Rondonops in
Northern South America (node 24, Fig 1.1 and 1.3). Other geographic shifts are not accompanied
by niche shifts: For example, the observed shifts from the Caatinga to the Cerrado for the
lineages leading to Vanzosaura savanicola and Micrablepharus atticolus did not show shifts in
realized climatic niche (nodes 11 and 12, Fig 1.1 and 1.3). Some lineages also underwent shifts
in their climatic niches, as inferred with microclimatic data, without major shifts in geographic
areas. This was the case for the ancestor of the clade including Calyptommatus and the clade
including Micrablepharus (node 6, Fig 1.1 and 1.3), and for the ancestor of Scriptosaura
catimbau and Nothobachia ablephara (node 18, Fig 1.1 and 1.3). I did not test whether shifts
into similar geographic areas or environmental regimes are temporally clustered across different
lineages as would be expected if a regional climatic event affected multiple lineages in the same
way and spurred multiple niche shift events (B. T. Smith et al., 2014); this could be formally
tested with historical demographic approaches (Huang, Takebayashi, Qi, & Hickerson, 2011;
Xue & Hickerson, 2017) in future studies.
The incorporation of microclimatic data and behavior into analyses of niche shifts
revealed a greater number of shifts in realized niche than when using macroclimatic variables
(FIg 1.2, 1.3). If evolutionarily labile ecological traits, such as those associated with
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physiological tolerances or habitat use (Fig S1.3), underlie the many shifts in realized niche seen
in the Gymnophthalminae group, these organisms may have greater potential to survive changing
climates than would be inferred using macroclimatic approaches. As environments across South
America changed in the past due to cycles of aridification and forestation following glacial
oscillations (Auler et al., 2004) lineages with highly labile (yet not plastic) niche traits may have
been able to quickly adapt to their new environments. Theoretical studies have suggested that a
combination of climatic-niche lability and dynamic climates can promote speciation via niche
divergence (Hua & Wiens, 2013). One such scenario is the Vanishing Refuge Model
(Damasceno et al., 2014; Vanzolini & Williams, 1981), in which isolated populations are
exposed to new conditions as their environments change, resulting in closely related lineages in
contrasting environments. This may be one driver of environmental and physiological
diversification in Gymnophthalminae lizards.
Our study highlights the need for further development of analytical methods to assess shifts
in the realized climatic niche across taxa. The set of environments that an organism occupies is
in part dependent on which environments are available in the geographic region (Owens et al.,
2013). Thus, mismatch between the environments that species do occupy and the environments
that they are capable of occupying can distort estimates of rates of niche evolution (Saupe et al.,
2017). Several approaches that incorporate environmental availability into niche evolution
analyses have been developed to compare niche similarity of species via pair-wise comparisons
(Broennimann et al., 2011; Warren, Glor, & Turelli, 2010), and have been implemented in
conjunction with ancestral niche occupancy models to evaluate patterns of niche evolution in
small groups (Ahmadzadeh et al., 2016). Yet, similar methods suitable for application at broad
phylogenetic scales have not yet been developed. However, even if the several limitations of
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modeling the evolution of realized, rather than fundamental, niches can be overcome, the results
emphasize the importance of using ecologically informed microclimatic conditions in such
studies.
I show that using physiologically and behaviorally informed data on habitat use and sitespecific data on habitat composition to characterize the environments experienced by organisms
can uncover novel, more complex patterns of shifts across environmental space throughout a
group’s evolutionary history. This can provide novel insight into the forces shaping
physiological or behavioral evolution. Similarly, observations of physiological parameters and
thermoregulation can be incorporated into mechanistic models to improve predictions of how
species will respond to novel environments in the future, whether resulting from vegetation
changes (Huang, Porter, Tu, & Chiou, 2014), temperature changes (Deutsch et al., 2008), or
human-mediated introductions (Tingley et al., 2014). Importantly, the use of microclimatic data
may also improve other niche-based studies, including correlative species distribution modeling
(Pearson, Dawson, & Liu, 2004), niche overlap assessments (Broennimann et al., 2011; Warren
et al., 2008), and analyses of niche diversification rates (Kozak & Wiens, 2010; Seeholzer,
Claramunt, & Brumfield, 2017). Just as inferences of shifts in the realized niche differ when
microclimate is taken into consideration, efforts focused on future predictions may benefit from
the integration of microhabitat and physiology data.
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Figure 1.1
Methods overview. a) To infer shifts in geography across evolutionary time, I employed the
program BioGeoBears. b) To infer shifts in realized climatic niche based on macroclimatic
variables, I extracted macro-climatic variables from the Worldclim macroclimatic dataset, and
used the program surface to identify niche shifts across the phylogeny. c) To infer shifts in
realized climatic niche based on microclimatic variables, I modeled microclimatic variables in a
two-step approach in the program NicheMapR: I first modeled the range of microclimatic
conditions available to organisms, then estimated the conditions they experience given their
physiology and behavior. Using this information, I then identified niche shifts across the
phylogeny using surface.
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Figure 1.2
Biogeographic analyses with ancestral area reconstructions indicate a likely origin of the
Gymnophthalminae lizards in the Atlantic Forest area of Brazil, with several geographic shifts
throughout their evolutionary history. Colors correspond to geographic areas, with dark green =
Northern South America; light green = Cerrado; light blue = Caatinga; dark blue = Atlantic
Forest. Pie charts on tree nodes represent the likelihood of that ancestor occupying each
geographic area. Points on the map indicate distribution of occurrence points used in this study.
Nodes are labeled in numerical order. Bootstrap support values can be found in Figure S1.

28

a

Ecpleopus gaudichaudii
Placosoma cordylinum
Colobodactylus taunayi
Colobodactylus dalcyanus
Caparaonia itaiquara
Heterodactylus lundii
Heterodactylus imbricatus
Alexandresaurus camacan
Stenolepis ridleyi
Acratosaura spinosa
Acratosaura mentalis
Colobosaura modesta
Iphisa elegans
Rondonops xanthomystax
Rondonops biscutatus
Gymnophthalmus underwoodi
Gymnophthalmus leucomystax
Gymnophthalmus speciosus
Gymnophthalmus vanzoi
Psilops paeminosus
Scriptosaura catimbau
Nothobachia ablephara
Calyptommatus leiolepis
Calyptommatus sinebrachiatus
Calyptommatus nicterus
Tretioscincus bifasciatus
Tretioscincus oriximinensis
Tretioscincus agilis
Micrablepharus atticolus
Micrablepharus maximiliani
Vanzosaura savanicola
Vanzosaura multiscutata
Procellosaurinus erythrocercus
Procellosaurinus tetradactylus

33
30

1

31
22

2

23

28
24
25

3

26

19

32

29

27
21

20
4

18
15

5

16

17

6

b

13
7

14
12

8

11
9
10

2

c
bio13
bio4

DF2

2

0

bio5

bio2

6

4

bio14

8

bio3
2

0

2

4

DF1

Figure 1.3
Observed shifts in realized niche as inferred with macroclimatic variables. a) Surface results
show climatic regimes and regime shifts, with branches assigned to the same climatic regime
painted the same color. Nodes are labeled in numerical order, corresponding to the tree in Fig 1.1.
b) Discriminant Function Analysis plot describes the differences in the environmental conditions
that correspond to each macroclimatic regime identified by surface. Points are colored by
climatic regime. Gray arrows indicate variable loadings in the DFA. c) The map of occurrence
points colored by their climatic regimes shows that the identified macroclimatic regimes roughly
correspond to different geographical regions. Gray outlines denote boundaries of geographical
areas used in biogeographic analyses.
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Figure 1.4
Observed shifts in realized niche as inferred with microclimatic variables, which incorporate data
on shade coverage, soil properties, and natural history. a) Surface results show climatic regimes
and regime shifts, with branches assigned to the same climatic regime painted the same color. b)
Discriminant Function Analysis plot describes the differences in the environmental conditions
that correspond to each microclimatic regime identified by surface. c) The map of occurrence
points colored by their climatic regimes shows geographic overlap in microclimatic regimes,
suggesting that organisms in the same area can experience different environmental conditions.

30

CHAPTER 2
THERMOPHYSIOLOGY, MICROCLIMATES, AND SPECIES DISTRIBUTIONS OF
LIZARDS IN THE MOUNTAINS OF THE BRAZILIAN ATLANTIC FOREST

2.1 Abstract

Thermophysiological traits, particularly thermal tolerances and sensitivity, are key to
understanding how organisms are affected by environmental conditions. In the face of ongoing
climate change, determining how physiological traits structure species’ ranges is especially
important in tropical montane systems. In this study, I ask whether thermal sensitivity in
physiological performance restricts montane lizards to high elevations and excludes them from
the warmer environments reported at low elevations. For three montane lizard species in the
Brazilian Atlantic Forest, I collect thermophysiological data from lizards in the highest elevation
site of each species distribution, and ask how well the individuals exhibiting those traits would
perform across the Atlantic Forest. I use microclimatic and organism-specific models to directly
relate the experimented environmental conditions to an organism’s body temperature and
physiological traits, and estimate measures of thermophysiological performance. The findings of
this study demonstrate that thermophysiological constraints do not restrict montane lizards to
high elevations in this system, and thus likely do not determine the warm boundaries of these
montane species’ distributions. Results also suggest that competition may be important in
limiting the warm boundaries of the species’ ranges for two of the focal species. These
experimental results suggest that caution should be used when claiming that physiology drives
patterns of diversity and endemism within montane environments. They also highlight the
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importance of interdisciplinary experimental studies that bridge the fields of evolution and
ecology to improve predictions of biological responses to future environmental shifts.

2.2 Introduction.

Understanding how physiology delimits species distributions and responses to climate
change is central to evolutionary ecology and conservation (Kearney & Porter, 2009). In
montane systems, and especially in the tropics, physiology becomes a particularly relevant topic.
Tropical mountains play a central role in the generation and maintenance of biodiversity over
evolutionary time by isolating and harboring montane populations over long periods (Graham et
al., 2014; McCain & Colwell, 2011). Because the limited seasonality of lowland tropical regions
is expected to result in narrow thermal tolerances for species in these areas, tropical mountains
also act as important thermal barriers to dispersal, and thus agents of isolation and diversification,
for lowland species (Janzen, 1967). Still, present-day communities at higher elevations are
regarded as highly threatened by anthropogenic climate shifts: population isolation and further
contraction due to climate warming may lead to local extinction (La Sorte & Jetz, 2010; McCain
& Colwell, 2011), and the distributional shifts upslope of species previously restricted to lower
elevation environments is expected to impose additional biotic pressures on montane
communities (Colwell, Brehm, Cardelus, Gilman, & Longino, 2008; S. E. Gilman, Urban,
Tewksbury, Gilchrist, & Holt, 2010; Sinervo et al., 2010; Urban & Zarnetske, 2013).
Despite high endemism in montane environments globally (Kier, Kreft, Lee, & Jetz, 2009),
we still have a poor understanding of what factors drive habitat restriction in montane species.
Are tropical montane species presently trapped into mountaintop, cooler environments due to
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narrow thermal tolerances and an inability to function at warmer, lowland temperatures? While
this question has implications for understanding patterns of species’ distributions in the past (e.g.,
Graham, VanDerWal, Phillips, Moritz, & Williams, 2010), present (e.g., McCann, Greenlees,
Newell, & Shine, 2014), and into the future (Moritz & Agudo, 2013), few studies have
incorporated physiological data to directly assess potential drivers of species’ distributions
(Buckley et al., 2010; Kearney & Porter, 2004; Tingley et al., 2014).
The topographically complex Atlantic forests of Brazil are one case in point. In this system,
phylogeographic and population genetic analyses have suggested that the ability of species to
respond to climate change explain current and former species ranges, and contribute to patterns
of genetic diversity and population dynamics (Carnaval et al., 2009; Carnaval, Waltari,
Rodrigues, Rosauer, VanDerWal, Damasceno, Prates, Strangas, Spanos, & Rivera, 2014a).
Specifically, genetic signatures of range and population contraction for lowland species during
the Last Glacial Maximum (LGM), and subsequent expansion (Carnaval et al., 2009; de Mello
Martins, 2011), suggest that these species track warm environments. In contrast, data from
montane species indicate population and range expansions during the LGM and post-LGM
contractions (Amaro, Rodrigues, Yonenaga-Yassuda, & Carnaval, 2012; Banks-Leite et al.,
2014; Carnaval, Waltari, Rodrigues, Rosauer, VanDerWal, Damasceno, Prates, Strangas, Spanos,
& Rivera, 2014a), suggesting that relatively high-elevation communities are instead restricted to
cooler environments presumably because their thermophysiological traits are not well suited to
the warm temperatures found at lower elevations.
In this study, I investigated how thermophysiological traits determine range limits in tropical
montane taxa through an integrative physiological and ecological study of three lizard species
that inhabit the Brazilian Atlantic Forest mountains. Lizards are particularly vulnerable to
33

warming temperatures associated with global climate change and hence constitute an appropriate
system to study (Sinervo et al., 2010). As ectotherms, they are directly affected by ambient
temperatures (Tewksbury, Huey, & Deutsch, 2008), and as low-dispersal organisms, these
species also have limited capability to escape unsuitable temperatures (Huey et al., 2009).
I collected thermophysiological data from specimens living at the highest elevation point of
each one of the focal species. Then, I examined how well the individuals exhibiting those traits
would perform across the Atlantic Forest, based on descriptors of the many microclimates
available within the domain – and including areas occupied by their closest relatives. If the
evidence suggests that the thermophysiological traits observed at high elevations allow
organisms to perform well in the cold environments in which they are found, but not in warmer
environments found at lower elevations, then I can conclude that this study is consistent with the
view that an inability to cope with warmer conditions may limit the range of these taxa. In
contrast, if the traits measured in high elevation populations confer high performance under other
microclimates of the Atlantic Forest, in which the species is nonetheless not found, then I can
conclude that thermophysiology does not exclude these organisms from warmer regions, and
thus does not define the warm boundaries of these species’ distributions. Under the latter
scenario, I further examined the possibility that competition with related species excludes
montane species from thermally suitable regions. In this case, I expect that thermally suitable
areas in which the focal species is absent will be occupied by its close relatives.
While I fully acknowledge that physiological data from a single site may not represent the
traits of the species as a whole (Keller, Alexander, Holderegger, & Edwards, 2013; Mimura &
Aitken, 2010; Valladares et al., 2014), I expect that traits from high elevation extremes will show
the most cold-adapted traits of the species and likely the highest trade-off in terms of tolerance to
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heat (Angilletta et al., 2006; Labra, Pienaar, & Hansen, 2009). Performance metrics based on
these traits will therefore provide the most extreme test of the hypothesis that the traits of
montane species exclude them from lower elevations.

2.3 Methods.

Overview
I focused on high-elevation populations of three lizard species in the Brazilian Atlantic
Forest with different range sizes, and generated thermophysiological data through
experimentation. To evaluate how physiological traits would enable or hinder the occupation of
the many climatic spaces available throughout the forest, I chose to derive microclimatic,
substrate temperatures for each 1km2 grid cell throughout the Atlantic Forest based on
thermodynamic first principles and the biophysical properties of each cell. Because lizards are
able to behaviorally thermoregulate to alter their body temperatures, I experimentally collected
thermal preference data from each species and compared them to the distribution of
microclimatic temperatures accessible in each grid cell across the forest to estimate what body
temperatures would be exhibited, throughout the forest, by lizards with the observed
physiological traits. Finally, I evaluated the performance of these traits across the forest, using
four thermophysiological performance metrics: Hours within Optimal Temperatures, Hours
within Critical Temperatures, Hours within Preferred Temperatures, and Temperature Dependent
Sprint Score. For each focal species, I mapped these metrics across space and compared values
within occupied and unoccupied areas, as well as those areas occupied by closely related species.
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Study System
The three focal species were Caparaonia itaiquara and Colobodactylus dalcyanus
(Gymnophthalmidae), and Mabuya dorsivittata (Scincidae). C. itaiquara is restricted to Parque
Nacional do Caparaó, a ~200 km2 region, in which it is found in open areas with high elevation
rocky outcrops (Fig 2.1 red square, Rodrigues et al. 2009a). Its close relative, Co. dalcyanus, has
a slightly broader distribution, yet occupies similar environments (Fig 2.1 blue triangles,
Bernardo et al. 2011). M. dorsivittata, a geographically widespread South American species, is
found in open areas with grasslands and rocky outcrops, including those on cool mountaintops
(Vrcibradic, Cunhabarros, & Rocha, 2004; Fig 2.1 orange circles).

Thermophysiology
Physiological data were collected from lizards captured at the highest elevation sites within
each species’ range: the Parque Nacional de Itatiaia at 2100-2400m asl (for individuals of Co.
dalcyanus), and the Parque Nacional do Caparaó at 2100-2600m asl (for Ca. itaiquara and M.
dorsivittata, Fig. 1, indicated with arrows). Lizards were captured by hand between 10 AM and 5
PM. For each species, I measured thermophysiological traits within two days following field
capture. In an effort to investigate differences between fixed and plastic effects on
thermophysiological traits (Crill, Huey, & Gilchrist, 1996), I measured these traits again after
exposure to two different laboratory conditions.
Within four days of capture, I measured critical thermal maxima (CTmax), critical thermal
minima (CTmin), and thermal preferences (Tpref) for 27 individuals of Caparaonia itaiquara, 9
Colobodactylus dalcyanus, and 13 Mabuya dorsivittata. I also collected individual sprint speed
data at four different temperatures from 16 individuals of Ca. itaiquara, eight Co. dalcyanus, and
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seven M. dorsivittata. Using sprint speed as a measure of physiological performance, I estimated
thermal performance curves for each species.
I chose to assess critical thermal maxima (CTmax) and critical thermal minima (CTmin)
because the critical thermal limits of ectotherms are frequently used to mark temperatures
unsuitable for the organisms (Angilletta, 2009). For that, I monitored righting response while
raising or lowering body temperature at a rate of 0.5°C/min (Lutterschmidt & Hutchison, 1997; P.
L. Ribeiro, Camacho, & Navas, 2012). I measured thermal preference (Tpref), the temperature
voluntarily selected by the organism when there is no cost to thermoregulation, by calculating
the mean body temperature achieved by each individual during a period of two hours spent in a
thermal gradient spanning 12-48°C (Angilletta, 2009; Moritz et al., 2012). Experiments were
always conducted in the same order: Tpref, CTmin, and CTmax. Only one experiment was
conducted per day per animal.
I evaluated the thermal dependence of performance by collecting data on sprint speed for
each individual at four temperatures. The thermal sensitivity of sprint speed is a commonly used
measure of thermal performance (Angilletta, 2009), but see also (Sinclair et al., 2016), and tends
to correlate highly with many activities essential to survival and reproduction (Angilletta, Hill, &
Robson, 2002a; Jayne & Bennett, 1990; Miles, 2004; Sinclair et al., 2016). Sprint speeds were
measured in the same randomly selected sequence of four body temperatures (19°C, 14°C, 24°C,
29°C), with only one temperature tested each day (Angilletta, Niewiarowski, & Navas, 2002b; S.
R. Zajitschek, Zajitschek, Miles, & Clobert, 2012); see Appendix 2 for additional details).
To explore short-term plasticity in thermal tolerance and preference traits, I
repeatedthemeasurements of CTmin, CTmax and Tpref after 10 days of exposure to two distinct
thermal treatments in the laboratory (Gunderson & Stillman, 2015). Half the individuals
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collected per species were acclimated at controlled conditions of 17°C at night and 21°C during
the day, while the other half experienced 21°C at night and 24°C during the day. Individuals
were randomly assigned to those two groups. After all experiments were completed, tissue
samples were taken from each individual for future genetic analyses; voucher specimens were
deposited in Museu Zoologia de Universidade de Sao Paulo (MZUSP).
For each species, I estimated the shape of the thermal performance curve at the
experimentation site with Generalized Additive Mixed-Models (GAMMs) in the R package
mgcv (Wood, 2011). GAMMs use non-parametric smoothing functions to model non-linear
relationships. To model sprint performance across temperatures for each species, I pooled CTmin,
CTmax, and sprint speed at four temperatures from all individuals and applied a cubic spline
smoothing function. I also corrected for the effect of individual identity, body weight, and sex on
the shape of the curve (Beal, Lattanzio, & Miles, 2014; S. R. Zajitschek et al., 2012), see
Appendix 2 for additional details).

Microhabitat and body temperatures
Relative to the commonly used interpolated weather-station data (i.e., Hijmans et al., 2005),
microhabitat climate characterizations are expected to more accurately reflect the thermal
regimes experienced by small organisms (Potter et al., 2013; Scheffers, Edwards, Diesmos,
Williams, & Evans, 2013; Storlie et al., 2014; Woods, Dillon, & Pincebourde, 2014). To derive
the full range of microhabitat temperatures available to these lizards throughout the entire
Atlantic Forest, I used the microclimate model in the R package NicheMapR v1.0.0 (Kearney &
Porter, 2016). Specifically, I used this approach to model hourly substrate temperatures at three
substrate depths (surface, -2.5cm. and -5cm) and two shade levels (90% shade and the average
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shade coverage for each site, see below), for one day per month. This totaled 12 days per 1km2
grid cell, each with 24 hourly measurements at each of three substrate depths, at both average
and maximum shade coverage available at the site. For each 1km2 grid cell within the Atlantic
Forest domain, I used NicheMapR to obtain macroclimatic data (diurnal temperature range,
relative humidity, sunshine duration, and wind speed, at the coarse resolution of 15km2; (New et
al., 2002), and, with more fine-scale data on biophysical conditions associated with the habitat
type within the 1km2 area (soil elevation, and vegetation cover), derive microclimatic
temperature and humidity measures. These values represent the average conditions found in each
grid cell. In this process, elevation layers at 1km2 resolution were obtained from
www.worldclim.com, and an adiabatic lapse rate of 5.6°Ckm-1 (Bush & Silman, 2004) was used
to refine temperature values from the New et al. 2002 dataset. Soil maps (1km2 resolution;
www.soilgrids.org) were used to categorize soil type as sand, soil, or rock, following (Campbell
& Norman, 1998). The average available shade coverage for each site was derived from remote
sensing data via the MODIS product Vegetation Continuous Fields (1km2 resolution; (Kearney
& Porter, 2009). Soil moisture estimates and their effects on substrate temperatures were
included in the microclimate model, as per (Kearney et al., 2014).
Because lizards move across substrates and shade levels to achieve their preferred
temperatures and avoid unsuitable temperatures, species with different physiological traits may
experience different body temperatures in the same localities, or vice versa (Dzialowski, 2005).
To estimate the body temperatures that lizards with the observed physiological traits would have
throughout the region, I used the ectotherm model in NicheMapR. This model incorporates the
full range of microclimatic temperatures available to lizards in each locality at every hour
(derived from NicheMapR’s microclimate model), and combines them with information on the
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organism’s thermophysiology, body mass, shape, and behavior (Table S2.3), to estimate hourly
body temperatures.

Metrics of thermophysiological performance
To estimate how individuals with the physiological traits observed at high elevations would
perform in the many microclimatic thermal environments available across the Atlantic Forest, I
generated spatial layers depicting four thermo-physiological performance metrics per species.
They are: 1) the average daily number of Hours within Critical Temperatures; 2) the average
daily number of Hours within Optimal Temperatures; 3) the average daily number of Hours
within Preferred Temperatures; and 4) the average daily Sprint Score.
The first three metrics evaluate the prevalence of body temperatures suitable for activity and
survival. I first summarized the Critical Thermal Minimum and Maximum of each species at the
high elevation site by taking the mean value for all individuals of the species. For each day of the
year, I calculated the number of hours available within these physiological limits in each grid cell
daily over a full year; those hours outside the limits were classified into hours below and above
the critical limits. Then, I calculated the number of Hours within Optimal Temperatures by
identifying how often those per-grid-cell temperatures allow organisms to sprint at 80% of their
maximum capacity or higher (Angilletta, 2009; Logan, Huynh, Precious, & Calsbeek, 2013;
Moritz et al., 2012), as determined from each species’ sprint performance curve. This threshold
is thought to promote activities essential to survival, such as foraging and reproduction (Grant &
Dunham, 1988; Sinervo et al., 2010). Because all three species are diurnal, this analysis was
restricted to daytime hours. Similarly, I calculated the number of Hours within Preferred
Temperatures by identifying how often temperatures allow organisms to achieve body
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temperatures within the interquartile range of temperatures selected during Thermal Preference
experiments. While methodologically similar to Hours within Optimal Temperatures, Hours
within Preferred Temperatures can be used in the absence of sprint speed data.
Lastly, I evaluated the potential for activity across the Atlantic Forest domain by calculating
Sprint Scores, a relative metric of the sprint capacity enabled by each thermal environment. For
each daytime hour in which temperatures that are within the lizard’s optimal thermal range (the
temperatures at which they are able to sprint at 80% or higher of their maximum capacity) are
available, I used the sprint performance curve to determine the sprint capacity of the organism
relative to its own maximum. For example, if the available temperature during one hour could
allow it to sprint at maximum speed, the relative sprint capacity for that hour is 1. If temperatures
during the next hour allow it to sprint at 80% of its maximum speed, this hour receives a score of
0.8. I then summed these measures over the entire period in which temperatures are within the
optimal thermal range to generate a Sprint Score - a relative metric of the sprinting capacity that
a given thermal environment allows. The Sprint Score can vary between 0 and 12, with a score
of 0 indicating that daytime temperatures are never suitable for activity, and 12 indicating that
temperatures at every daytime hour allows the organisms to sprint at maximum capacity. The
Sprint Score is hence influenced by both the duration of temperatures within the optimal thermal
range and the capacity for sprinting that these temperatures allow. This is similar to the
comprehensive fitness function developed by (Martin & Huey, 2008).

Ranges of closely related species
To evaluate physiological performance at the sites occupied by each focal species, as well as
those inhabited by their closely related species, I first compiled a species occurrence dataset for
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each taxon. For each species, I compiled and vetted occurrence records from my own fieldwork,
literature searches, and verified online databases (Table S2.6). To reduce spatial autocorrelation
in this dataset, I used the R package spThin (Aiello-Lammens et al., 2015) to remove localities
within 15 km of each other. To represent the range of close relatives, I included locality data for
all species sharing a common ancestor with the three focal species within the last 12 million
years (my). Although arbitrary, this period corresponds to the estimated time of origin of a
monophyletic clade within the Mabuya genus (Miralles & Carranza, 2010), a phylogenetic break
splitting the clade containing Ca. itaiquara, Co. dalcyanus, and four closely related species from
the remaining gymnophthalmid lizards (unpublished data, M. Strangas). This procedure resulted
in the selection of a phylogenetic clade comprising six described species for comparison with Co.
dalcyanus and Ca. itaiquara, and 16 described species for M. dorsivittata (Table S2.6).

2.4 Results.

Thermophysiology
The lizards from the three focal species differed in their thermal tolerances, with individuals
from the small-ranged Ca. itaiquara and Co. dalcyanus showing narrower thermal tolerances
relative to the more widespread and phylogenetically distant M. dorsivittata (Fig. 2). Mean
thermal tolerance, plus/minus one standard deviation, spanned from 8.1±1.5°C to 36.4±1.5°C for
Ca. itaiquara, 7±2.4°C to 36.3±1.1°C for Co. dalcyanus, and 6.9±2.1°C to 44.4±3.8°C for M.
dorsivittata. The interquartile range of preferred temperatures was 22.03–25.01°C with a mean
of 23.35±2.67°C in Ca. itaiquara, 24.30–28.02°C with a mean of 26.75±1.33°C in Co.
dalcyanus, and 22.39–27.03°C with a mean of 24.72±6.85°C for M. dorsivittata. Models of
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sprint performance revealed that the temperatures that allow organisms to perform at 80% or
higher of their maximum (the B80 range) ranged from 18.9±0.1°C to 28.9±0.2°C in Ca. itaiquara,
19.8±0.45°C to 30.3±0.5°C in Co. dalcyanus, and 18.1±0.6 °C to 30.6±0.9°C in M. dorsivittata.
Optimal temperatures for sprinting were 24.51°C for Ca. itaiquara, 25.81°C for Co. dalcyanus,
and 24.47°C for M. dorsivittata.
Although tests assessing short-term responses to environmental conditions had low statistical
power due to low sample sizes, particularly for Colobodactylus dalcyanus and Mabuya
dorsivittata, I did not find evidence for short-term plasticity in these lizards (S2.1). With one
exception, one-way t-tests testing the hypothesis that individuals exposed to warmer laboratory
conditions have higher CTmin, CTmax and Tpref did not detect significant differences in any of
the three measurements across the warm and cool laboratory conditions (Table S2.1). The
exception was CTmax in Colobodactylus dalcyanus, which was lower, after exposure to the cool
treatment, relative to the warm treatment (p=0.025). It is important to note that low statistical
power limits the inferences that can be drawn from these data; I nonetheless report measurements
and results here to add to the growing body of knowledge on this topic (Gunderson & Stillman,
2015).

Thermophysiological performance across geography

The metrics of thermophysiological performance show similar patterns across all three
species. Hours within Optimal Temperatures, Hours within Preferred Temperatures and Sprint
Score closely follow elevation gradients within the Atlantic Forest, with lower performance at
high elevations. For all three species, these metrics were lowest in the high elevation areas where
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the thermophysiological traits were collected, and highest at mid and low elevations (Fig 2.3).
Mid elevation areas in the north-west regions of the forest domain also showed relatively low
performance – yet not as low as was seen at high elevations. Because these metrics showed very
similar patterns, I only show maps of Hours within Optimal Temperatures here (Fig 2.3). Maps
of Hours within Preferred Temperatures and Sprint Score can be found in Appendix 2 (Fig S2.2,
S2.3).
Hours within Critical Temperatures were also lowest at high elevations, though differences
across the forest were minimal. While most areas provided 24 hours/day of tolerable
temperatures, these analyses show that the values were slightly lower at high elevation areas. For
Ca. itaiquara and Co. dalcyanus, these areas included the sites where the traits were collected
(Fig S2.4). In all cases, the low measures of Hours between Critical Temperatures at the
occurrence sites of the animals tested were driven entirely by the number of hours where
temperatures reached below the critical thermal minimum, as modeled body temperatures never
exceeded the lizards’ Critical Thermal Maxima (Fig S2.4).
All traits measured at high elevation sites indicate that those individual lizards would achieve
high performance in regions of the forest that are not occupied by them presently. For all three
species, Hours within Optimal Temperatures, Hours within Preferred Temperatures, and Sprint
Score were higher in sites occupied by their closely related species relative to the site of
experimentation (Table 2.1). For M. dorsivittata, these metrics were also higher in sites occupied
by other members of the species relative to the site of experimentation (Table 2.1). Hours within
Critical Temperatures were not significantly different across sites.

2.5 Discussion.
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Our findings suggest that thermophysiological constraints, assessed through critical
thermal limits and sprint speed, do not restrict tropical montane lizards to high elevations. In all
three montane Atlantic Forest lizard species targeted in this study, traits observed at high
elevation sites were predicted to confer relatively low thermophysiological performance to
lizards in those high elevation environments. However, for all three species, the traits seen in
high elevations were shown to confer high thermophysiological performance in mid- and lowelevation regions of the Atlantic Forest (Fig 2.3, S2.2-2.4). These findings suggest that
temperatures in other areas of the forest are compatible with the physiological traits of these
cold-environment individuals.
These results suggest that warm temperatures at lower elevations allow for higher
thermophysiological performance without an accompanying threat of lethal temperatures.
Because estimates of Hours of Optimal Temperatures, Hours of Preferred Temperatures and
Sprint Score incorporated the distribution of hourly temperatures throughout the year, I avoid
mischaracterization of the threat of extreme temperatures that is associated with using mean
temperatures (T. L. Martin & Huey, 2008). In addition, I found that low elevation sites occupied
by close relatives were not exposed to temperatures above the lizards’ heat tolerance limits or,
for Ca. itaiquara and Co. dalcyanus, their optimal thermal ranges more often than the high
elevation sites where they do occur (Table S2.5, Fig S2.5). This suggests that the warmer areas,
in which Hours of Optimal Temperatures, Hours of Preferred Temperatures, and Sprint Score are
predicted to be higher, are unlikely to be dangerous due to extreme heat (Martin & Huey, 2008).
The cold environments at high elevations do appear to be thermally suboptimal given the
thermophysiological traits of the lizards – as shown in the reduction of estimated Hours of
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Optimal and Optimal Temperatures driven by cold temperatures (a higher number of hours
below Critical Temperature Minima and below the optimal thermal range) at these occupied,
montane sites.

Thermophysiological performance and species’ ranges
Beyond the performance of individuals, the results also imply that thermophysiological
constraints likely do not determine the warm boundaries of montane species’ distributions. For
the two narrowly endemic species, Caparaonia itaiquara and Colobodactylus dalcyanus, the
observed thermophysiological traits were predicted to only perform well in areas where the
species does not occur, while low performance was predicted in areas occupied by the species.
While the distribution of the more widespread Mabuya dorsivittata falls within regions of high
predicted performance, many areas of the forest that allowed for high thermophysiological
performance are not occupied, despite being geographically accessible. Thermophysiological
performance as measured in this study is therefore not a strong predictor of range limits for any
of the three focal species.
Our conclusion that thermophysiological performance is not driving warm-boundary range
limits is robust to the potential for local adaptation across these species’ ranges. Despite the
finding that the traits of montane populations are better suited to the low-elevation environments
in which they do not occur, the populations studied here may nonetheless be better adapted to
cold environments than are their low-elevation relatives. It is widely recognized that local
adaptation may generate variation in thermophysiological traits among populations within
species, thus making it difficult to infer species’ range dynamics with data from a single
population (Keller et al., 2013; Mimura & Aitken, 2010; Valladares et al., 2014). However, if
46

local adaptation in these traits did occur in this study system, I would expect the traits seen in the
highest elevation, most thermally extreme populations, to be the most suited to cold, and perhaps
unsuited to warm temperatures if trade-offs are present (Angilletta et al., 2006; Labra et al.,
2009). Still, I found that the traits of lizards expected to be most suited to cold environments
confer higher performance in warmer rather than colder environments; if populations from lower
elevations are locally adapted to their environments, they will likely also perform well, if not
better, in these warm environments.

Other possible determinants of range limits
Biotic interactions may play a role in determining the warm boundaries of the species’ ranges
for the two montane endemics, Caparaonia itaiquara and Colobodactylus dalcyanus. While
areas with high predicted performance are unoccupied by these focal species, many such areas
are inhabited by closely related species (Fig 2.3). The physiological results from Ca. itaiquara
and Co. dalcyanus are consistent with the hypothesis that the presence of closely related species
may exclude these species from mid and low-elevation areas, despite the apparent thermal
suitability. Little is known about interactions between these close relatives, yet many have
approximately the same body size (with the exception of Heterodactylus imbricatus; (Camacho
et al., 2015), and tend to occupy similar microhabitats (Rodrigues et al., 2009a; Rodrigues, De
Freitas, & Silva, 2009b). While no experiments have been conducted to directly evaluate the
effect of competition between these species, it is possible that they could compete for similar
territories or food sources. The presence of predators at lower elevations may have also driven
these species upslope. While widespread data on the identity or distribution of these species’
predators do not exist, anecdotal evidence is compatible with this hypothesis. For example, the
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only snake obtained during intensive fieldwork at the high altitudes of Parque Nacional do
Caparaó where M. dorsivitatta and Ca. itaiquara are prevalent was an unidentified species of the
genus Thamnodynastes, which primarily feeds on frogs, not lizards (Dorigo, Vrcibradic, BorgesJunior, & Rocha, 2014). Biotic factors have been previously suggested as important in limiting
species distributions at warm range boundaries. While this phenomenon was first proposed by
(Darwin, 1859), it has also been supported by several recent macroecological studies
(Cunningham, Rissler, Buckley, & Urban, 2015; Louthan, Doak, & Angert, 2015; Sunday, Bates,
& Dulvy, 2012), and is consistent with these findings.
Competition with close relatives may be less important in determining range limits for
the widely distributed species, Mabuya dorsivittata. Unlike the other two focal species, M.
dorsivittata is not restricted to high elevations where thermal performance is low. Populations of
the species occur throughout areas predicted to allow high performance, as well as some lowland
areas predicted to allow poor performance. Closely related species do occur within regions
unoccupied by M. dorsivittata yet they also exist in sympatry (Fig 2.3), suggesting that
competition with these species is not a key factor in restricting the range of M. dorsivittata. The
prevailing factors limiting the species distribution for M. dorsivittata are yet unclear.
Precipitation patterns and vegetation type, as well as biotic interactions with other potential
competitors, predators, and prey items, may play important roles (Guisan & Thuiller, 2005)
(Wisz et al., 2012).

Potential mechanisms shaping thermophysiology of montane lizards
Why do montane lizard populations and species show traits poorly suited to their
environments? The mechanisms shaping thermophysiology may differ across the species studied
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here. In the narrowly endemic Ca. itaiquara and Co. dalcyanus, which have limited
environmental heterogeneity throughout their ranges, phylogenetic niche conservatism in thermal
traits may play a role in explaining thermophysiological response. If these species retreated to
high elevations due to competition with close relatives, as I have speculated here, they may have
been able to retain warm-adapted traits inherited from lowland ancestors. Phylogenetic
conservatism of upper thermal limits has been consistently observed in ectotherms (Araújo et al.,
2013; Hoffmann, Chown, & Clusella-Trullas, 2013; Sunday et al., 2014). Low standing genetic
variation may explain the apparent retention of ancestral traits (Blackburn, van Heerwaarden,
Kellermann, & Sgrò, 2014; Kellermann et al., 2012; Kellermann, van Heerwaarden, Sgrò, &
Hoffmann, 2009), and upper thermal limits emerge as a byproduct of genetic and physiological
architecture, rather than in response to direct selective pressure (Blows & Hoffmann, 2005).
While further research is necessary to evaluate the prevalence of trait conservatism in these
species groups, this work suggests that there is great need to learn more about the underlying
genetic architecture of these traits, and to explicitly consider evolutionary history when
examining relationships between traits and environment.
In the widespread M. dorsivittata, however, it may be possible that gene flow among
populations in heterogeneous environments influence the traits observed in cold environment.
Gene flow within a species range can potentially limit evolution in environmentally and
geographically marginal populations (Haldane 1965; Bridle & Vines, 2007; Hoffmann & Sgrò,
2012; Kirkpatrick & Barton, 1997). This has been observed in tadpoles from many frog species,
for instance, for which thermal traits better reflect the conditions experienced at the core of the
species range rather than at its margins (Gouveia et al., 2013). For M. dorsivittata, it remains to
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be tested whether gene flow from warmer environments to the montane population sampled here
impedes adaptation to colder temperatures.

Implications for montane lizards and the Atlantic Forest
The importance of factors beyond thermophysiology complicate predictions of species’
distributions into future climate scenarios. If thermophysiological traits in tropical montane
lizards remain stable, rising temperatures may, in the short term, provide conditions conducive to
improved performance for montane populations, as has been predicted for other open-habitat
tropical lizards (Logan et al., 2013) and several temperate insects (Deutsch et al., 2008).
Moreover, the challenges that may be posed by accompanying changes in the biotic community
are unclear and have not been tested here.
Importantly, these experimental results suggest that caution should be used when claiming
that physiology, when tied to current environmental conditions, holds the key to understanding
patterns of diversity and endemism within Atlantic Forest lineages (e.g., Amaro et al., 2012;
Carnaval, Waltari, Rodrigues, Rosauer, VanDerWal, Damasceno, Prates, Strangas, Spanos, &
Rivera, 2014a). Although this study has not addressed whether physiological performance can
preclude lowland Atlantic Forest species from occupying higher elevations, these results suggest
that physiological trade-offs, habitat availability, or species interactions may be acting to
determine the warmer edge of the ranges of montane species. This has important implications for
the interpretation of models of species distribution based on climate: although climate is tightly
correlated with species distributions – both lowland and montane – the underlying cause of this
correlation is likely multifaceted, rather than based solely on thermophysiology.
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Conclusion
In this study, I collected data on three poorly studied species in an understudied hotspot of
biodiversity and applied novel microclimatic resources and methods to assess the geographical
patterns of thermophysiological performance for montane species of different range sizes. These
results suggest that species differ in the factors that structure their ranges, and that this difference
may be tied to the overall breadth of their ranges. I found that thermophysiological traits in cold
environments predict low thermophysiological performance in those same environments, while
predicting high performance in areas not occupied by the species. This suggests that such
performance is a poor predictor of occurrence for these montane species.
I implemented an integrative framework that relies on physiological assays of a single
population per study species. While studies of physiological variation throughout species’ ranges
and across large phylogenies shed important light on the exact mechanisms shaping these traits
(Damasceno et al., 2014), the framework presented here can be particularly efficient in the face
of limited or hard-to-collect interspecific physiological data. These results point to the
importance of incorporating data on mechanisms other than thermophysiology, and cannot
discard the hypothesis that species interactions may well hold part of the key to understanding
ranges (Ricklefs, 2010) – at least in montane tropical species. Our incipient knowledge of the
interplay between thermophysiology and biological interactions, given a backdrop of
environmental conditions, presently limits our understanding of the mechanisms that drive
species responses to climate change. As a corollary, it poses a challenge to predictive studies
under future climatic shifts. Emphasis on interdisciplinary field studies that bridge the realms of
evolution and ecology will improve predictions of biological responses to future environments.
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2.7 Tables and Figures
Table 2.1
Mean daily values for the suitability metrics at the collection point, in sites occupied by other
populations of the focal species, and in sites occupied by their closely related species. HrOT =
Hours within Optimal Temperatures; HrPT = Hours within Preferred Temperatures; HrCT =
Hours within Critical Temperatures; SpScore = Relative Sprint Score. Different letters denote
groups with statistically significant differences as per Wilcoxon Signed-Rank Tests, p<0.05.
Metric

Caparaonia itaiquara

Colobodactylus
dalcyanus

Mabuya dorsivittata

HrOT
HrPT
HrCT
SpScore
HrOT
HrPT
HrCT
SpScore
HrOT
HrPT
HrCT
SpScore

Collection
Point
1.79a
1.28a
23.80a
1.71a
2.12a
0.95a
24.00a
2.01a
1.81a
1.19a
24.00a
1.76a

Target
Species
3.21b
1.82b
24.00a
3.08b
9.33b
9.81b
24.00b
9.12b

Close
Relatives
9.73b
9.04b
23.97b
9.47b
9.58c
7.75c
24.00a
9.32c
10.81c
13.17c
24.00a
10.51c
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Figure 2.1
Elevation map (left) with known occurrence records within the Atlantic Forest for the three
target species (center), shown with inset of the central Atlantic Forest (right). Collection sites,
Parque Nacional do Caparaó (for Ca. itaiquara and M. dorsivittata) and Parque National de
Itatiaia (for Co. dalcyanus), are indicated with arrows.
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Figure 2.2
Sprint performance curves from the three target species at their collection sites. These curves
show broader thermal tolerances and performance for the geographically widespread Mabuya
dorsivittata (purple dotted line), and narrow tolerances for Colobodactylus dalcyanus (green
dashed line) and Caparaonia itaiquara (red solid line), which have more restricted ranges.
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Figure 2.3
Maps of estimated thermophysiological performance across the Atlantic Forest with inset of the
forest, showing the average daily number of hours within optimal temperatures for each species
based on physiological data from a high elevation population. Maps for Caparaonia itaiquara
(top), Colobodactylus dalcyanus (center), and Mabuya dorsivittata (bottom) all show fewer
hours within optimal temperatures in the sites where these traits were collected, and, in the case
of Ca. itaiquara and Co. dalcyanus, in all sites where the species occur. For these species, close
relatives occupy areas that offer higher thermophysiological performance. In the case of M.
dorsivittata, many members of the target species as well as closely related species occupy areas
with high estimated performance. Color scale indicates the daily average hours within optimal
temperatures, with yellow indicating more hours, and dark blue indicating fewer.
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CHAPTER 3
INTEGRATING MICROHABITAT, PHYSIOLOGY, AND GENOMIC DATA TO
UNCOVER THE MECHANISMS OF DIVERSIFICATION IN A TROPICAL MONTANE
ENDEMIC LIZARD

3.1 Abstract.

Changes in environmental conditions over time and across space can promote phenotypic and
genetic diversity, yet the processes through which this occurs are typically studied in the absence
of relevant environmental and organismal information. In this study, I integrated microclimatic
temperature data and physiological assays to evaluate how two processes associated with
environmental heterogeneity, adaptive and non-adaptive divergence associated with selection
and physical isolation, have contributed to intra-specific genetic diversification in a tropical
montane endemic lizard, Caparaonia itaiquara. I generated SNP data across the species’ narrow
range to assess genetic diversity. To test for evidence of adaptive divergence, I compared
physiological and morphological traits across genetic clusters. To test for evidence of divergence
in isolation, I integrated physiological measurements with spatially-explicit models of
microclimatic conditions to create models of thermal constraints under present-day and former
climates. I then employed a landscape genetics framework to identify landscape and
physiological constraints associated with genetic divergence. I did not find support for the
hypothesis that adaptive divergence across the range has led to differences in physiological or
eco-morphological traits. However, I found that environmental heterogeneity has promoted
genetic divergence in C. itaiquara by limiting gene flow across cold areas of the species’ range.
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These results highlight the role of physiological traits and microclimatic environments in
generating patterns of biodiversity.

3.2 Introduction.

Environmental heterogeneity is widely recognized as a promoter of biodiversity globally,
and particularly in tropical and subtropical montane systems (Kruckeberg & Rabinowitz, 1985)
(Carnaval, Waltari, Rodrigues, Rosauer, VanDerWal, Damasceno, Prates, Strangas, Spanos,
Rivera, et al., 2014b). Genetic diversity may arise through adaptive or non-adaptive processes, or
both. In the case of adaptive processes, contrasting natural selection pressures along a species’
range may lead to genetic and phenotypic differentiation despite opportunities for gene flow
(Endler, 1977; Schluter, 2009). In the case of non-adaptive processes, reduced gene flow may
across geographic distance or where local conditions impose barriers to dispersal and render
corridors inhospitable. This can lead to range fragmentation and genetic diversification (Endler,
1977; Kozak & Wiens, 2006). Physical isolation may or may not be followed by adaptive
divergence, leading to phenotypic disparity as well (Damasceno et al., 2014; Vanzolini &
Williams, 1981).
Both adaptive and non-adaptive divergence are intricately tied to how phenotypic traits
interact with the microclimatic environment, yet are often inferred in the absence of this
information (Cooke, Chao, & Beheregaray, 2012; Nosil, Egan, & Funk, 2008). Microhabitat
climate characterizations reflect the thermal regimes experienced by small organisms, and thus
directly influence the interaction of organisms with their surroundings (Frey, Hadley, & Betts,
2016; Scheffers et al., 2013; Storlie et al., 2014; Woods et al., 2014). Moreover, studies of
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ecological traits, particularly of physiological sensitivity and eco-morphological characters
(Huey et al., 2012), describe how phenotypes may respond to the actual conditions that organism
encounter in nature. Here, I implement an integrative study that gathers physiological and
microclimatic information from a montane tropical lizard species and combines it with genomic
and distribution data from throughout its range to determine how adaptive and non-adaptive
divergence contributed to intra-specific diversification in a biodiversity hotspot.
My study system is Caparaonia itaiquara, a species with high levels of genetic diversity
yet restricted to a single national park in the Atlantic Forest of Brazil, the Parque Nacional do
Caparaó (Rodrigues et al., 2009a). The park houses several endemic taxa (de Lima Jacques &
Kollmann, 2009; Heiden, de Souza Leoni, & Nakajima, 2014; Rodrigues et al., 2007) and has
high topographic complexity, containing three of the Atlantic Forest’s highest mountain peaks
within a 320 km2 area, and reaching 2,890m above sea level (asl). This heterogeneity in
topography is accompanied by changes in thermal regimes and vegetation structure, which are
known to directly impact the distribution of diversity within the park (Heiden et al., 2014); Fig
1.1). C. itaiquara inhabits the rocky outcrops and savannah-like grasslands that range from
1800m asl to the highest peaks and is often found under rocks. Despite active search and pitfall
traps deployed in the forests at lower elevations, C. itaiquara has not been observed in the
rainforest habitats that characterize the valleys (Rodrigues et al., 2009a). The narrow distribution
of C. itaiquara enables us to comprehensively study genetic and environmental variation
throughout its entire distribution. Here, I explore how environmental and topographic complexity
in the region has shaped genetic and phenotypic diversity within this species.
In the first part of this study, I test the hypothesis that the high thermal and habitat
heterogeneity of Parque Nacional do Caparaó has promoted the evolution of different phenotypic
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(physiological and morphological) traits across the range of C. itaiquara via divergent selection.
When driven by distinct selection pressures across a species’ range, adaptive divergence is
expected to result in phenotypic and genetic differentiation (Keller et al., 2013; Narum,
Campbell, Meyer, Miller, & Hardy, 2013; Schweizer et al., 2015; Zamudio, Bell, & Mason,
2016). In lizards, contrasting environmental temperatures have been demonstrated to lead to
local adaptation of physiological traits (Díaz et al., 2014; Richter-Boix et al., 2015) and
differences in the physical environment across a species’ range (e.g. vegetation structure) have
been shown to result in morphological adaptation (Camacho et al., 2015; Grizante et al., 2012;
Kohlsdorf & Navas, 2012; Munoz et al., 2014; Muñoz & Losos, 2018). To test for evidence
consistent with adaptive divergence, I characterize physiological and morphological traits across
the range of C. itaiquara and test for associations with intra-specific genomic differences. If
divergent selection has shaped diversity in this system, I expect to find phenotypic differences
across genetic clusters.
Secondly, I use microclimatic and physiological data to test the hypothesis that the
mountain peaks and ridges of Parque Nacional do Caparaó restrict (or have previously restricted)
gene flow across the range of C. itaiquara. Theory and empirical data demonstrate that such
isolation may arise though several mechanisms. For example, geographic distance alone can lead
to genetic divergence across a landscape (isolation by distance, IBD; (Slatkin, 1993; Wright,
1943). Heterogeneity in landscape features, such as elevation, slope, vegetation coverage, and
habitat type, may also create inhospitable areas that promote isolation and lead to reduced gene
flow between populations (S.-P. Huang et al., 2014; Manel, Schwartz, Luikart, & Taberlet, 2003;
Mastretta-Yanes et al., 2018), leading to adaptive or neutral differentiation. Microclimatic
thermal environments may also interact with species’ physiological constraints to exclude
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organisms from some areas, resulting in environmental barriers to gene flow (Barve, Martin,
Brunsell, & Peterson, 2014; Peterson, 1999). To test for evidence consistent with isolation driven
by physiological constraints, topographic features, and vegetation types, I employ a landscape
genetics framework (Peterman, Connette, Semlitsch, & Eggert, 2014) to identify landscape
features associated with genetic divergence across the study range. For this, I create spatial
models of thermal constraints under present-day and former climates (Strasburg, Kearney,
Moritz, & Templeton, 2007) by integrating the physiological measurements with spatiallyexplicit models of microclimatic conditions. If physical or thermal barriers have promoted
divergence in C. itaiquara, I expect to find greater genetic divergence across areas separated by
high elevations or cold temperatures.

3.3 Methods.

Mitochondrial data
To guide the genomic-scale sampling, I first used tissue samples from 61 C. itaiquara
specimens (Table S3.1) in a mitochondrial DNA screening of levels and patterns of genetic
diversity. Specimens were collected through active search at Parque Nacional de Caparaó, and
samples were complemented with material previously deposited in the collections of
Universidade de São Paulo (USP) Museu de Zoologia da USP (Figure 3.1). For this step, I
extracted DNA using a high-salt extraction protocol (Carnaval & Bates, 2007), conducted
Polymerase Chain Reaction (PCR) using primers from (Pellegrino & Rodrigues, 2001), and
sequenced mitochondrial DNA from three loci: 12S ribosomal RNA, 16S ribosomal RNA, and
NADH dehydrogenase 4 (ND4). Sequences were cleaned and aligned using Geneious v7 (Kearse
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et al., 2012). To explore genetic structure within this species, I identified haplotype clusters and
ran Analyses of Molecular Variance (AMOVA; (Excoffier, Laval, & Schneider, 2005) in the R
package pegas (Paradis, 2010) to test whether genetic variance was higher within or among
haplotype clusters.

Genomic data
Using the mtDNA genealogy to guide the selection of individuals, a ddRADSeq approach
was used to generate genomic data at a reduced representation and employ in the analyses.
Libraries for ddRadSeq were prepared for 51 individuals using the enzymes SphI and EcoRI
following the protocol of (Peterson, Weber, Kay, Fisher, & Hoekstra, 2012). Reads were
demultiplexed with index and individual barcodes, using the process_radtags program in Stacks
v1.47 (Catchen, Amores, Hohenlohe, Cresko, & Postlethwait, 2011). Reads with uncalled bases
and low quality scores were removed, and barcodes and RAD-Tags were rescued. Through the
denovo alignment pipeline in Stacks v1.47 (denovo_map.pl), I ran ustacks to call SNPs de novo,
using a minimum number of 10 identical reads to create a stack (m=10) and allowing three
mismatches between loci in a single individual (M=3). I then used cstacks to create a catalog of
loci for the population, allowing two mismatches between loci (n=2). Finally, I used sstacks to
map samples against the catalog. To create a SNP dataset, I used the populations program in
Stacks v1.47. I removed all loci found in fewer than 50% of the individuals (r=0.5), as well as
those with a minor allele frequency below 2.5% (min_maf=0.025). For each RADtag, I retained
one SNP, selected at random.
To infer population structure within the species, I implemented ADMIXTURE
(Alexander, Novembre, & Lange, 2009). Input files for ADMIXTURE (in bed/bim/fam format)
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were built by exporting the SNP data into PLINK (Purcell et al., 2007). For the structure analysis
with SNP data I tested K values of 1-6 using 20-fold cross validation to estimate CV-error
(Alexander & Lange, 2011). Results were visualized with Clumpak (Kopelman, Mayzel,
Jakobsson, Rosenberg, & Mayrose, 2015). After selecting the K value with the lowest amount of
cross-validation error, I reran the populations program in Stacks using ADMIXTURE cluster
assignments to assign individuals to discrete populations.
I also generated a measure of continuous genetic differentiation across samples to
complement the discrete population characterization generated through ADMIXTURE clusters.
For this I used the program bed2diffs_v1 to generate a matrix of genetic distances across all
samples (Petkova, Novembre, & Stephens, 2015). This method uses differences in allele
frequency at each locus to calculate genetic dissimilarity across samples. Loci for which one
sample contains missing data were excluded.

Phenotypic variation
To test whether genetic diversity is associated with phenotypic diversity, I contrasted
physiological and morphological traits in individuals belonging to the two distinct genetic
clusters identified by ADMIXTURE.
Physiological data on temperature sensitivity from 17 individuals, collected through
novel fieldwork, were combined with published data (Strangas et al 2018 in review) for a total of
44 individuals (Table S3.1). For the new individuals, I assayed critical thermal maxima (CTmax),
critical thermal minima (CTmin), and thermal preferences (Tpref) following methods described
in Chapter 2. Because previous research showed no effect of short-term plasticity across field
caught-conditions and two separate laboratory conditions (Chapter 2), I used physiological
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measurements collected directly following field capture. For the 29 individuals for which both
physiological and genetic data were available, I tested for differences across genetic clusters.
A total of 13 eco-morphological measurements were also collected for a total of 61
specimens (Table S3.1). For the 29 individuals for which I obtained both morphological and
genetic data, I performed a Principal Components Analysis using a correlation matrix of values
standardized by subtracting the mean and dividing by standard deviation, and tested for
differences across genetic clusters on the first two PC axes. Because all variables loaded
positively on PC1, indicating that this axis largely described differences in size, I also conducted
a second PCA on the residuals of a regression of all traits against PC1, which in this case may be
considered a multivariate size vector (Rohlf & Bookstein, 1987).
Characterization of environmental suitability

Overview
To identify which areas of the study region may inhibit or may have inhibited gene flow,
I used the experimental data to identify areas that exhibit low physiological suitability for the
lizards. These analyses were conducted under present-day climate and again under climatic
conditions of the Last Glacial Maximum. For this, I estimated physiological suitability through
two functions within the R package NicheMapR (Kearney et al., 2017): first I generated a
microclimate model, and with it built an ectotherm model. Using first principles of heat transfer,
the microclimate model integrates information on macroclimatic variables derived from (New et
al., 2002) (slope, aspect, substrate type, and shade coverage) to derive microclimatic conditions
for a specific location. These inferred microclimatic conditions, which include hourly substrate
temperatures, at different depths, were then used as inputs to the ectotherm model, which
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integrates physiological and behavioral data on the organism to model the organism’s hourly
body temperature throughout the year. From the resulting data on hourly body temperatures
across the study region, I derived six spatial layers of physiological suitability in current and past
climatic conditions.

Model parameterization with remote-sensing data and on-the-ground dataloggers
Given that the selection of substrate type can have a large effect on the output of the
NicheMapR microclimate model (Kearney et al., 2014), I selected substrate parameters for use in
this program by comparing empirically measured microclimatic temperatures with microclimate
model outputs generated for substrates of rock and sandy loam. At seven sites throughout the
study region, I deployed temperature dataloggers (iButton thermochrons and hydrochrons) in
four types of microhabitat: under a large rock, 2.5cm deep in the substrate, on the ground
covered by grass, and on the ground exposed to the elements. These dataloggers varied in the
frequency and duration of recording, with frequencies ranging from every 1 to 4 hours, and
durations of 2 to 10 months.
Using NicheMapR, I estimated microclimatic temperature and humidity values at these
same seven sites, under both the maximum and minimum available shade coverage, at three
surface levels: the substrate surface, at a substrate depth of 2.5cm, and at a substrate depth of
5cm. These data were generated for every hour of the day, for the middle day of each month. I
ran NicheMapR twice, with the substrate type set to either rock or sandy loam. When substrate
type was set to sandy loam, soil moisture estimates and their effects on substrate temperatures
were included in the microclimate model (Kearney et al., 2014). In all runs, I used a global
(monthly, 0.17° spatial resolution) climate database as the macro-climatic input (New et al.,
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2002). Elevation, slope and aspect for each location were extracted from Shuttle Radar
Topography Mission (SRTM)-derived layers available at 30x30m resolution
(http://www.dsr.inpe.br/topodata/acesso.php). Elevation data were used to adjust temperatures
based on the adiabatic lapse rate (Urrego, Silman, & Bush, 2005). The range of available shade
coverage was set using the Normalized Difference Vegetation Index (NDVI) at the site, extracted
from LandSat 8 data at 30 m resolution. NDVI values were used to set the minimum shade
coverage available. Maximum available shade coverage was set to 90% shade in all instances.
To select the appropriate substrate parameter to use when modeling microclimatic
conditions, I compared the outputs of the microclimate models run under the two substrate
parameter sets (rock and sandy loam) against all datalogger measurements by calculating the
root-mean square error (RMSE) in the R package hydroGOF {ZambranoBigiarini:uc}. Because
the microclimate models inferred hourly temperatures for a single day each month (while the
dataloggers recorded temperature data continuously) I summarized the datalogger measurements
into mean hourly temperatures for each month. I evaluated 1) how well the modeled
temperatures on the substrate surface, under full shade, matched datalogger measurements
located in the grass, 2) how well the modeled temperatures on the surface, under the minimum
shade, matched datalogger temperatures recorded by the exposed datalogger, 3) how well the
modeled temperatures at 2.5cm depth under full shade matched datalogger temperatures recorded
under rocks, and 4) how well the modeled temperatures at 2.5cm depth under minimum shade
matched datalogger temperatures at 2.5cm depth. For use in the next steps, I selected the
substrate parameter with the highest RMSE values, averaged across the seven sites.

Estimating microclimate and body temperatures in the present-day
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To model lizards’ body temperatures throughout the region, I first estimated microclimate
temperatures (see above). I applied the microclimate model with the best fitting set of parameters
to estimate microclimate temperatures throughout the study region in the present day. I then used
NicheMapR’s ectotherm function to estimate C. itaiquara’s hourly body temperatures
throughout the area. In this step, I combined the outputs of the microclimate model with
physiological, behavioral, and natural history data to model how organisms move between
substrate depths, or from sunny to shaded spots, to seek out different environmental conditions. I
specified the lizards’ mass (3 grams), shape (cylindrical), physiological traits (thermal preference,
and critical thermal minimum and maximum, voluntary thermal maximum as seen in Table S3.1
and behavior (diurnal, burrowing to substrate depths of 5 cm). This process generated hourly
estimates of the lizard’s body temperatures for the middle day of each month.

Estimating microclimate and body temperatures at LGM
To evaluate how historical conditions, and particularly colder periods, may have shaped
patterns of present-day genetic diversity, I also estimated microclimate conditions and body
temperatures of Caparaonia itaiquara during the Last Glacial Maximum (LGM). Conditions at
the LGM were used to represent the distribution of microclimatic temperatures during colder
periods in time, and are not meant to suggest that conditions at the LGM itself have shaped the
genetic diversity seen within C. itaiquara. To model these historical microclimate conditions, I
used the differences in monthly temperature and precipitation values between present-day and
LGM conditions to adjust the climatic variables from (New et al., 2002) that were used as input
in the NicheMapR microclimate model. To find the difference in monthly temperature and
precipitation variables between the present and past, I compared the values of monthly minimum
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and maximum temperatures and precipitation for the study region from the WorldClim presentday database (Hijmans et al., 2005) against those values from the LGM climate dataset CCSM4,
also available from WorldClim. This historical dataset is downscaled and calibrated from data
originally distributed by CMIP5.
I then ran the microclimate model as before, but using the LGM-adjusted climatic
variables. Using present-day vegetation coverage to estimate historical microclimate
temperatures, as done here, assumes that the vegetation coverage throughout the region has
remained largely unchanged. Though a precise vegetation map from the LGM is not available,
several palynological studies suggest little change in vegetation patterns in this region and other
high altitude rocky outcrop areas of the Atlantic Forest (Veríssimo, Safford, & Behling, 2012).
To estimate body temperatures of Caparaonia itaiquara during the LGM, I applied the outputs
of the historical microclimate model to the NicheMapR ectotherm model, using LGM
microclimate conditions and the same physiological and behavioral parameters utilized for
present-day characterization. This approach hence assumes that these traits are conserved over
evolutionary time. This assumption was later supported by the results, which demonstrated that
traits did not significantly differ amongst individuals throughout the study area (see Results). It
also is supported by previous findings that C. itaiquara show physiological and behavioral traits
very similar to those of its closely related species (Chapter 2).

Generating spatial layers of physiological suitability
To generate spatial layers of physiological suitability for Caparaonia itaiquara, I
calculated six metrics throughout the study area: 1) total number of days with temperatures
warmer than CTmax, annually; 2) total number of days with temperatures cooler than CTmin,
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annually; 3) annual CTmin degree-hours, a measure combining frequency and magnitude of cold
temperatures; 4) maximum consecutive hours under CTmin; 5) total number of days with
temperatures within the lizards’ optimal thermal range; and 6) average daily Sprint Score, a
metric of overall performance (see below for details). All six metrics were calculated for current
and LGM conditions.
The first four metrics evaluated the prevalence of extreme temperatures. The total
number of days with temperatures greater than CTmax and lower than CTmin indicate how
frequently the lizards are confronted with extreme temperatures throughout their range. These
metrics vary from 0-365. The metric of annual CTmin degree-hours captures information on the
frequency of cold temperatures, as well as how extreme these cold temperatures were, following
the concept of Growing Degree Days often used in studies of plant growth (e.g. Hassan, Bourque,
Meng, & Richards, 2007; Barve et al., 2014). Both frequency and duration of extreme conditions
can affect an organisms’ capacity to survive in a given environment (Castañeda, Rezende, &
Santos, 2015). For this metric, I calculated the number of hours during which temperatures
dropped below the lizards’ critical thermal minimum, and how many degrees below this
threshold the temperatures were (i.e., if temperatures were 3°C below CTmin for two hours, this
would be considered six degree-hours). These values were summed across every day of the year
to achieve the cumulative value of annual CTmin degree-hours. Maximum consecutive hours
under CTmin differs slightly from that measure, in that it quantifies the duration of cold
temperatures, and ranges from 0-24. Metrics of annual CTmin degree-hours and maximum
consecutive hours under CTmin are important to consider, as both acute and prolonged exposure
to cold temperatures can influence an environment’s thermal suitability (Hoffmann & Sgrò,
2017).
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I also calculated the number of days in which temperatures occurred within the lizards’
optimal thermal range, which is defined as the range of temperatures that allows the lizards to
sprint at 80% of their maximum capacity, or higher (Angilletta et al., 2002a; Logan et al., 2013;
Moritz et al., 2012), as determined from the species’ sprint performance curve. This thermal
range is thought to promote activities essential to survival such as foraging and reproduction
(Grant & Dunham, 1988; Sinervo et al., 2010).
Lastly, I calculated the Sprint Score, a metric of performance (see Chapter 2). The Sprint
Score integrates information on the thermal environment and the lizards’ sprint performance. To
generate a daily Sprint Score, I calculated the hourly maximum sprint capacity given the hourly
temperatures and summed these over all daytime hours. Sprint capacity was inferred from
previously reported temperature-dependent sprint performance (Chapter 2). This value varies
between 0 and 12, where a score of 0 indicates that daytime temperatures are never suitable for
activity, and 12 indicating that temperatures at every daytime hour allows the organisms to sprint
at maximum capacity. This metric is similar to the comprehensive fitness function developed by
(Martin & Huey, 2008).

Tests for barriers to gene flow
Finally, I employed a landscape genetics framework to test whether pure geographic
distances, current or historical physiological suitability, or topographical features best explain the
observed patterns of genetic and genomic diversity in C. itaiquara. For that I used the R package
ResistanceGA (Peterman et al., 2014), which requires no a priori assumptions about how
landscape variables affect dispersal or gene flow across space, but instead allows the data to
inform this relationship (Richardson, Brady, & Wang, 2016). This method generates optimized
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resistance surfaces from spatial layers of landscape variables using a series of non-linear
transformations to reflect how different landscape features may constrain gene flow (Peterman et
al., 2014). Using ResistanceGA, I evaluated the predictive capacity of resistance surfaces
generated from each landscape variable used in this study: the six present physiological
suitability metrics, six historic physiological suitability metrics, vegetation coverage in summer
and winter, elevation, slope, aspect, pure geographic distance and a spatially randomized null
model. To do so, I generated least-cost-path distances between occurrence points, which reflect
the routes that encounter the lowest resistance from each landscape variable (Storfer et al., 2006).
Least cost path distances derived from all optimized resistance surfaces were fit to observed
genetic distances using linear mixed-effects models. The fits of all surfaces were compared using
AICc, with the lowest AICc value indicating the surface with the best fit (Akaike, 1974).

3.4 Results.

Genetic data

Mitochondrial diversity
Haplotype networks generated from the concatenation of three mitochondrial genes show
four distinct haplotype clusters (Figure S3.1), with a maximum of 4.3% divergence in ND4
across 10km. Geographically, these haplotype clusters are roughly divided into two groups: one
northern and one southern group, although two members assigned to the genetic cluster typical
of the northern region were found in the south (Figure S3.1).

71

Genomic data (RadSeq)
After filtering and cleaning the ddRadSeq dataset, I retained 26,457 polymorphic loci
across 45 individuals. Consistent with the mitochondrial data, the ADMIXTURE analyses of the
SNP dataset identified two major genetic clusters (CV error=0.512) primarily corresponding to
the northern (Cluster A) and southern (Cluster B) regions of the study area (Figure 3.5). The Fst
value between these two clusters was 0.095. Three individuals were assigned to genetic clusters
that did not clearly correspond to the predominant cluster in their geographic region. One
individual in the southern region, MTR 10907, was assigned to Cluster A with an ancestry
coefficient of 0.92. Two samples showed signatures of admixture. Sample MTR 26122 in the
south showed ancestry coefficients for Clusters A and B of 0.44 and 0.56, respectively, and
sample MTR 33021 of 0.58 and 0.42. Except for these two, all other samples were assigned to a
single genetic cluster with ancestry coefficients of at least 0.86 (Table Sx).

Phenotypic variation

The two genetic clusters based on SNP data did not differ in the observed physiological
or morphological traits. Two sample t-tests comparing values of critical thermal minimum,
critical thermal maximum, and thermal preference across Cluster A (n=16) and Cluster B (n=13)
did not uncover differences (CTmin p=0.28; CTmax p=0.22; Tpref p= 0.78). Similarly, I found
no differences in body shape across the two genetic clusters. I retained two principal components
that respectively explained 94.25% and 2.85% of the variation in the dataset. Although Cluster A
included two individuals with high PC1 values, Cluster A and B did not show significant
differences in PC1 (p=0.28) or PC2 (p=0.07). From the Principal Components Analysis on size–
72

corrected measurements, I retained two principal components that respectively explained 27.66%
and 19.85% of the variation. I did not uncover significant differences between the two genetic
clusters (PC1resid p=0.18; PC2resid p=0.69). Physiological and morphological comparisons across
the four genetic clusters identified with mitochondrial data also did not uncover significant
phenotypic differences (for details see Appendix 3).

Parameters for microclimate model
Overall, microclimate models with the soil type parameter set to a sandy loam minimized
the root-mean-square error (RMSE) values between model outputs and temperatures recorded by
dataloggers (Table S3.3). Fourteen dataloggers provided usable data, while the rest failed or had
been removed. In five of the seven sites, the parameter set substrate type set to sandy loam had
the lowest RMSE values, while rock performed better in two sites (Table S3.3). Given these
results, I selected the soil parameter sandy loam for use across the study area.

Suitability metrics
Suitability metrics showed a clear altitudinal trend, with high elevations offering fewer
hours within optimal temperature ranges, lower potential for sprinting performance, and more
hours below critical thermal limits (Figure 3.5, S3.2). Temperatures in the Last Glacial
Maximum further restricted activity time at high elevations. Metrics were highly correlated with
each other (Table S3.4), though this does not negatively affect subsequent analyses (Peterman et
al., 2014).

Barriers to gene flow
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Landscape genetics analyses reveal that present-day Sprint Score, a measure of
performance that identifies sprint capacity of lizards across the study area based on the thermal
environment, is the best predictor of sub-genomic genetic diversity among the variables tested
here (delta AIC=27.13; Table 3.1). Sprint Score measured using the thermal environment during
the Last Glacial Maximum provided the second best fit with the observed patterns of genetic
diversity. For metrics of both present-day and LGM Sprint Score, areas with low Sprint Scores
were inferred to provide high resistance to gene flow (Figure 3.5, S3.4). Overall, distances
derived from layers of physiological suitability provided better fits to the observed genetic
distance relative to distances derived from topographic features. In all instances, geographic
distance alone was the poorest predictor of genetic distance in the analyses.

3.5 Discussion.

By integrating microclimatic, phenotypic, and genomic data, I examined the processes
and mechanisms through which environmental heterogeneity contributes to the generation of
biodiversity in a montane Neotropical region. Molecular analyses revealed that C. itaiquara
harbors high genetic diversity within a very small geographic area (Figure 3.2), forming two
distinct genomic clusters. I found no support for the hypothesis that adaptive divergence across
the range has led to divergence in physiological or eco-morphological traits across these two
clusters (Figure 3.3). However, I found that environmental heterogeneity has likely promoted
genetic divergence in C. itaiquara through non-adaptive processes, by limiting gene flow across
the colder (higher elevation) areas of the species’ range. More specifically, I demonstrated that
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the physiologically unsuitable microclimatic temperatures experienced by individuals at high
elevations best explain the observed patterns of genomic diversity (Figure 3.4).
These findings demonstrate that the incorporation of microclimatic and physiological
data improves prediction of spatial genetic patterns relative to landscape or macroclimatic
descriptors. Present-day Sprint Score is the best predictor of genetic distance within C. itaiquara:
areas with low Sprint Scores show higher resistance to gene flow. I argue that the low
physiological performance expected to occur under the microclimatic conditions available at
high elevations provides a mechanistic hypothesis for the high genetic diversity observed within
C. itaiquara (Table 3.1, Fig 3.5). Because sprinting performance is expected to be associated
with reproduction and foraging (Angilletta et al., 2002a; Grant & Dunham, 1988), the thermal
microenvironments that hinder sprinting performance likely also constrain other aspects of the
animals’ ecology. Indeed, Sprint Score was highly correlated with the other physiological
metrics used here (Table S3.4). It is possible that organisms are unable to efficiently move
through these low suitability areas at the very high regions of the park (McRae, 2006; Peterman
et al., 2014), or that conditions have not allowed populations to persist long enough for multigenerational dispersal. Coupled with low population sizes expected from a narrowly ranged
species, restricted gene flow may lead to genetic drift and subsequent differentiation (Slatkin,
1987). Yet, because C. itaiquara individuals were found in the areas with the lowest present-day
Sprint Scores, these regions should not be seen as complete barriers to gene flow. While presentday thermal suitability appears to be an important constraint on dispersal, it is likely not the only
factor that has driven genetic diversity in C. itaiquara.
These analyses demonstrate that historical temperatures were likely also important in
shaping patterns of gene flow, and thus genetic diversity, in this system. Physiological suitability
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in cooler climates, as described by Sprint Score under LGM conditions, was the second best
predictor of genetic distance after present-day Sprint Score. Low gene flow across areas with low
physiological suitability may have isolated populations in the past, creating the signatures of
isolation observed today. Future analyses on the timing of genetic divergences within C.
itaiquara, combined with analyses of historical demography, can be used to further test this
hypothesis. Nonetheless, the finding that historical thermal landscape variables are strong
predictors of the current distribution of genetic diversity in C. itaiquara, relative to topographic
features and current thermal landscapes, speaks to the important role of climatic history in
shaping present-day biodiversity patterns in this system and others.
This study’s findings provide mechanistic support to theoretical and empirical studies
that emphasize the physiological impact of environmental constraints along the cold edge of a
species range. It has been suggested that the cold limits of species distribution (e.g. high
elevations or latitudes) are defined by environmental constraints (Darwin, 1859; Sunday, Bates,
& Dulvy, 2013), whereas the warm edge (e.g. low elevations or latitudes) may be, instead, more
strongly shaped by biotic interactions. In accordance with the latter, our previous research in C.
itaiquara indicated that the low-elevation limit of its range is not determined by thermal
constraints (see Chapter 2). Here, I demonstrate, mechanistically, how the colder conditions at
the highest points of the species distribution are tied to interruptions in dispersal through the
landscape (and thus gene flow), and, consequently, present-day patterns of genetic diversity.
Physiologically informed landscape layers were better predictors of genetic diversity in
this system relative to topography and vegetation (Table 3.1). Although the way by which
individuals move through geographic space is governed by the interaction between microclimatic
conditions and organismal traits, species-specific and experimentally derived data are still rarely
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employed in landscape genetic studies (Nowakowski, DeWoody, Fagan, Willoughby, &
Donnelly, 2015; Peterman et al., 2014). A widely employed alternative is to use correlative
species distribution models that characterize habitat suitability in present and past climates
(Mateo-Sanchez et al., 2018; Pease et al., 2009). These models are typically founded in
correlations between occurrence points and environmental variables (Peterson et al., 2011).
However, when species occur in the most extreme environments available to them, as seen with
C. itaiquara inhabiting the coldest areas of Parque Nacional do Caparaó, correlation-based
approaches may not be not able to reliably identify unsuitable environments (Guevara, Gerstner,
Kass, & Anderson, 2017). In these cases, physiological and other ecological data paired with
microclimatic conditions, as used in this study, can directly inform models of habitat suitability
(Buckley et al., 2010; Kearney & Porter, 2004; Strasburg et al., 2007).
Improved integration across ecological and evolutionary data, such as genomic
information, phenotypic traits, and biologically relevant landscape characterizations, will
continue to enhance our ability to preserve the environments that promote evolutionary processes
in the face of anthropogenic change. Here, I provide a framework that does so, yet which can still
be improved. It is likely, for instance, that factors other than environmental heterogeneity may
have played a role in shaping genetic diversity patterns in this system. For instance, populations
may have expanded or contracted independently of the landscape variables assessed here,
leading to changes in genetic drift over time (Slatkin, 1987). Future directions to this study will
use the genomic data in spatially-explicit historical demographic analyses to explore the role of
historical population changes, and the potentially fluctuating strength of genetic drift (Kolbe et
al., 2004; Mastretta-Yanes et al., 2018), to improve our understanding of the processes shaping
diversity patterns.
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3.7 Tables and Figures.
Table 3.1.
Results of landscape genetics analysis using ResistanceGA, showing the fit of distances based on
the resistance surface of each variable to genetic distance derived from SNP data with AICc,
marginal R2, and log-likelihood. AICc values were used to select the best fitting model.
Surface
Present Sprint Score
Past Sprint Score
Past Days Under CTmin
Past Max Hrs Under CTmin
Present Days w/o Optimal Temps
Present Days Under CTmin
Past Days w/o Optimal Temps
Present Max Hrs Under CTmin
Present CTmin Degree Hours
Present Minimum Body Temp
Past CTmin Degree Hours
Past Minimum Body Temp
Distance
Null

AICc
-2789.473
-2762.162
-2713.601
-2702.515
-2701.362
-2682.276
-2681.068
-2652.208
-2632.403
-2632.162
-2630.585
-2584.114
-2477.529
-1961.574

R2
0.450
0.486
0.464
0.382
0.330
0.479
0.394
0.277
0.455
0.508
0.399
0.624
0.182
0.000

LL
1399.224
1385.569
1361.288
1355.745
1355.169
1345.626
1345.022
1330.592
1320.689
1320.569
1319.780
1296.545
1240.904
981.833
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Figure 3.1
Elevation map of Parque Nacional de Caparaó. Red points indicate specimen locations and
yellow stars show locations of temperature data loggers. Black rectangle outlines study area used
in landscape analyses.
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Figure 3.2.
Genetic diversity within Caparaonia itaiquara. ADMIXTURE analyses with SNP data from
ddRadSeq (top) identify two major genetic clusters. Principle Component Analysis identifies two
genetic clusters as well. Principle Component 1 explains 13.8% of the genetic variation and
Principle Component 2 explains 4.3%.
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Figure 3.3.
Physiological comparisons across the two major genetic clusters do not reveal differences in
Critical Thermal Minimum, Thermal Preference, or Critical Thermal Maximum.
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Figure 3.4.
Principal components analyses on size-corrected eco-morphological measurements indicate that
the two major genetic clusters do not show morphological differences. PC1 describes 27.66% of
the variation in morphological measurements among individuals, while PC2 describes 19.85%.
Points are colored according to the genetic cluster to which they were assigned. PC loadings are
shown at right.
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Figure 3.5.
Maps of Sprint Score a (left) and the resistance to gene flow based on Sprint Score (right), for
LGM and Present Day climatic conditions. Sprint Score varies from 0 (few opportunities for
sprinting; shown in black) to 1 (maximum sprinting opportunities; shown in white). Resistance to
gene flow based on Sprint Score varies from 0 (low resistance to gene flow; shown in white) to
400 (high resistance to gene flow, shown in black). Areas whose thermal environments offer low
capacity for sprinting have higher resistance to gene flow, with similar spatial patterns in both
time periods. Insets show data transformation to optimize resistance surfaces. Points reflect
occurrences of Caparaonia itaiquara and are colored according to the genetic cluster to which
they were assigned in the ADMIXTURE analyses.
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CONCLUSION
Through this dissertation, I have explored the concept of the environmental niche and
developed empirical investigations on how species’ traits and their microclimatic environments
shape biodiversity patterns across geographic space, and throughout evolutionary time. I
developed three integrative studies of an understudied group of Neotropical lizards, two of them
focusing on a biodiversity hotspot, the Atlantic Forest of Brazil. I have generated novel genomic,
phenotypic, and environmental datasets that I hope will continue to benefit the fields of ecology
and evolution in the future.
In my first chapter, I described spatial and temporal patterns of biodiversity in the
Gymnophthalminae clade of Gymnophthalmidae lizards. I presented a novel application for
species-specific microclimate modeling, and applied a novel framework to assess shifts in
species’ niches throughout a phylogenetic tree. By comparing the prevalence and timing of
geographic and environmental shifts, I found support for range shifts, microclimatic buffering,
and exposure to novel environments throughout the history of this group. I also identified
different patterns of environmental shifts when using microclimatic environmental data relative
to more commonly used macroclimatic variables. This finding demonstrates that the
incorporation of data on the precise environmental conditions experienced by species can
uncover novel, more complex patterns of environmental occupancy throughout a group’s
evolutionary history than previously understood.
In my second chapter, I investigated whether physiological constraints restrict montane
species to high elevations in the Atlantic Forest of Brazil, thus driving documented patterns of
range contraction and expansion, and resultant genetic diversity. By generating comprehensive
physiological data, and integrating them with species-specific microclimate models, I created
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spatial models of thermophysiological suitability across the Atlantic Forest of Brazil for three
species: Caparaonia itaiquara, Colobodactylus dalcyanus and Mabuya dorsivittata. I found that
thermophysiological constraints, while commonly inferred to drive range contractions and
expansions in this system, do not restrict the ranges of these species to high elevations. This
fundamentally changes our interpretation of the mechanisms that underscore former biological
responses to climate change in the region.
In the third chapter, I delved into the mechanisms that shape phenotypic and genetic diversity
in a single montane lizard species. In assessing physiological and morphological traits of
individuals, I found evidence that divergence in isolation, but not divergent natural selection, has
been an important driver of evolution in this system. The results of this study support the
hypothesis that cool environmental conditions and resultant poor thermophysiological
performance at high elevations has limited gene flow across the species’ range, isolating
populations and leading to genetic diversification. Through this research, I generated a novel
genetic dataset, novel morphological and physiological data, and empirical microclimatic
temperature data. In addition, I presented a novel, integrative framework for assessing the
mechanisms through which environmental heterogeneity contributes to the generation of
diversity throughout a species’ range. Paired with the results from the second chapter, this
research provides thermophysiological evidence consistent with ecological theory and empirical
studies that suggest that thermal constraints do not directly limit the warm edge of a species’
range, while they do define the cold edge.
Together, the results of this dissertation highlight the many different ways environmental
heterogeneity and species’ environmental niches shape species distributions and genetic diversity.
This work draws attention to the importance of incorporating microclimatic information and
86

phenotypic data into evolutionary studies. In addition, it emphasizes that integrative approaches
that combine multiple types of genetic, phenotypic, and environmental data, and merge methods
from disparate fields within ecology and evolution, are essential to understanding the ecological
and evolutionary processes that generate the complex patterns of biodiversity that exist today.
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APPENDIX 1
SUPPLEMENTARY MATERIALS FOR CHAPTER 1.

Mitochondrial DNA Guide Tree.
To confirm the species-level identity of all specimens, I generated mitochondrial DNA
sequences from 118 Gymnophthalminae lizards. This included tissues from 38 species (Table
1.1). This dataset represented all but five of the currently recognized species in the subfamily, for
which tissue samples were not available. DNA was extracted using a high-salt extraction method
(Sunnucks & Hales, 1996). To generate a mitochondrial dataset and phylogeny, the gene NADH
dehydrogenase subunit 4 (ND4) was amplified and sequenced following (Dolman & Hugall,
2008). Sequences were edited and aligned in Geneious v.6.0 (Drummond et al., 2010), and a
Maximum Likelihood phylogenetic tree was constructed using RAxML (Stamatakis, 2006). Site
partitioning was determined by PartitionFinder (Lanfear, Calcott, Ho, & Guindon, 2012) using
BIC and the rcluster algorithm.

Exon Capture and Bioinformatics.
To generate a reduced-genome dataset for phylogenetic analysis, I employed a targeted
enrichment method to capture exonic sequences from all sampled species. I selected 112
specimens, including three specimens sampled in duplicate for quality control. I constructed
genomic libraries for all samples by following the protocol of (M. Meyer & Kircher, 2010) using
modifications described in (Bi et al., 2012). Initial DNA inputs ranged from 200-1400ng. Due to
the large number of samples, I created two pooled libraries, each with 56 samples pooled in
equimolar amounts.
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I conducted exon capture hybridizations with probes for 5474 exons. Each pooled library
was hybridized in a single reaction, following the manufacturer’s protocol (SeqCap EZ
Developer Library; NimbleGen) with modifications following (Bragg et al., 2015). After quality
control (Bragg et al., 2015), each post-capture pooled library of 56 individuals was sequenced on
a separate Illumina HiSeq2000 lane (100-bp paired-end) at the Biomolecular Resource Facility
of the Australian National University.
Each pooled library was hybridized with these probes in a single reaction, following the
manufacturer’s protocol (SeqCap EZ Developer Library; NimbleGen) with modifications
following (Bragg et al., 2015). After quality control (Bragg et al., 2015), each post-capture
pooled library of 56 individuals was sequenced on a separate Illumina HiSeq2000 lane (100-bp
paired-end) at the Biomolecular Resource Facility of the Australian National University.
Sequencing reads were cleaned as per (Singhal, 2013). This workflow employed custom
scripts to remove adaptors, low quality bases, and reads that are duplicate, low-complexity, or
contaminant with TRIMMOMATIC (Bolger, Lohse, & Usadel, 2014) and FLASH (Magoc &
Salzberg, 2011). Scripts are available at https://github.com/MVZSEQ. The cleaned sequencing
reads were assembled, one sample at a time, as per (Bragg et al., 2015), and keeping all loci with
coverage of 16x or higher.
I aligned and checked all sequences with the EAPhy pipeline (Blom, 2015). This approach,
designed specifically to process exon capture data, aligns sequences in MUSCLE (Edgar, 2004)
and verifies alignments by checking the coding of amino acids. EAPhy also cleans the alignment
by trimming missing data from sequence ends. This generated 10 alignment sets, each with one
randomly selected individual per species. For each alignment set, loci with greater than 10%
missing individuals were excluded.
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Comparison of Environmental Data
Because the microclimatic and macroclimatic datasets were used to estimate species’
realized niches are derived from different input sources, I also compared results from SURFACE
analyses using these two underlying climatic datasets. Using climatic data from (New et al.,
2002), and (Hijmans et al., 2005) at the same spatial resolution did not identify different patterns
of environmental shifts (Fig S1.1). These results suggest that the differences in patterns of niche
shifts seen when applying micro vs. macroclimatic variables indeed reflect differences in the
estimates of species’ climatic niche at the microclimatic and macroclimatic scales, rather than
reflecting differences in the underlying climatic datasets.

Niche descriptions based on macroclimatic data. To characterize the macroclimatic conditions at
each occurrence point, I extracted values from the 19 WorldClim bioclimatic variables at 30 sec
spatial resolution (Hijmans et al., 2005). To reduce collinearity within the dataset and increase
interpretability of downstream analyses, I then systematically removed variables from this
dataset. I first removed those that combined both temperature and precipitation (Bio 8, 9, 18, 19),
as the inconsistent seasonal relationship between these two measures across our study region
makes the effects of these variables difficult to interpret. To further aid interpretability of
downstream analyses, I retained only those variables describing monthly values, thus removing
redundant quarterly measurements (i.e., I kept Bio16, precipitation of the wettest quarter, but
removed Bio13, precipitation of the wettest). Finally, from this set of 11 variables I removed
highly correlated variables using the vifstep function in the R package usmd (Naimi, Hamm,
Groen, Skidmore, & Toxopeus, 2013), with a cutoff of VIF=10. This led to the retention of six
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bioclim variables: mean diurnal temperature range (Bio 2), temperature isothermality (Bio 3),
temperature seasonality (Bio4), maximum temperature of the warmest month (Bio 5), cumulative
precipitation of the wettest month (Bio 13), and cumulative precipitation of the driest month
(Bio14). I identified the centroid of each species’ climatic niche by calculating the mean of each
of these six macroclimatic variables across all occurrence points for the species.

Niche descriptions based on microclimatic data. To characterize the microclimatic conditions of
each occurrence point, I used the microclimate model in the R package NicheMapR version 1.1.2
(Kearney & Porter, 2016). For each point, NicheMapR extracts daily climatic data (temperature,
diurnal temperature range, relative humidity, rainy-day frequency, sunshine duration, and wind
speed) from an independent macro-climatic dataset (New et al., 2002). While this dataset is at a
relatively coarse spatial resolution of 10 arc minutes (approximately 18.5 km2 at the equator), I
adjusted the temperature measurements by elevation by applying an adiabatic lapse rate of
5.6C/km (Bush & Silman, 2004) using a digital elevation map of 30 m resolution
(ASTER GDEM, a product of NASA and METI). Given the range of shade conditions available
at the site and the substrate type, this program uses first principles of thermodynamics to model
hourly temperatures and relative humidity at the substrate surface and at several depths below the
surface, for one day per month. These microhabitat conditions are generated for the maximum
and minimum shade coverage available at the location. For the analysis, maximum shade
coverage of 90% was assigned for each site, and extracted vegetation coverage from the
remotely-sensed MODIS product Vegetation Continuous Fields (1km2 resolution;
www.glcf.umd.edu/data/vcf/index.shtml) to set the minimum shade coverage (i.e., maximum
sun) for each site. Because I only used occurrence points collected within the last 15 years, there
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is little risk of mismatch between the vegetation coverage in which they occurred and the
coverage estimated from remotely-sensed data. The soil substrate for each site was assigned
using a map of silt and clay composition (1 km2 resolution; www.soilgrids.org), which was
categorized as sand, soil, or rock following (G. S. Campbell & Norman, 1998). As per (Kearney
et al., 2014), the model was allowed to incorporate soil moisture estimates and their effects on
substrate temperatures. For the purposes of microclimate description, values of temperature and
humidity data were retained for the substrate surface, at 2.5 cm below the surface, and at 5 cm
below the surface—for both minimum and maximum shade conditions—at each occurrence
point. These data were generated for every hour of the day, one day per month.
I then used the retained outputs of the microclimate characterization model and combined
them with physiological, behavioral and natural history data to estimate the conditions
experienced by each species at each site of occurrence using NicheMapR’s ectotherm model.
The ectotherm model combines the available microclimatic conditions with user-provided
information about the organisms’ thermoregulatory behavior and thermal tolerances to identify
which conditions the organism is exposed to throughout the day.
Specifically, NicheMapR uses species-specific data on thermal preference (Tpref), critical
thermal minimum (CTmin) and maximum (CTmax), voluntary thermal minimum (VTmin) and
maximum (VTmax), and the temperature at which the organism emerges from its burrow and
basks (Temerge, Tbask) to model how an organism moves between substrate depths, or from
sunny to shaded spots, to seek out different environmental conditions. Lacking
thermophysiological data for every species in the clade, I used average Tpref (32C), CTmin (8C)
and CTmax (45C) values for all species for which data are available (Table S1.1; Camacho et al.,
2015; Strangas et al., 2017). By using the same values across the group for these parameters, this
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approach reduced the risk of over-estimating differences in microclimatic conditions across
species, thus providing a conservative measure. To set Temerge and Tbask for each species, I
divided the subfamily into three categories based on natural history observations of
thermoregulatory behavior (see refs Table 1.2). Those that were observed in sunny areas were
assigned Temerge and Tbask = 25C, those in leaf litter were assigned Temerge and Tbask = 30C,
and those species that are primarily fossorial were restricted from basking. These temperatures
were selected based on measurements from dataloggers placed within sunny and shady areas
within the Atlantic Forest. For each species, I also set the maximum substrate depth an organism
could access based on information about each species’ natural history. For example, species
known to burrow to a depth of 5 cm below the surface were allowed to access conditions at the
substrate surface, 2.5 cm below ground, and 5 cm below ground. In contrast, species that do not
burrow were only allowed to access the substrate surface in our model.
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Table S1.1.
Species-specific information used to calibrate NicheMapR ectotherm models. Primary regions
were assigned by which region or regions included 75% or more of the species’ occurrence
points. Ca=Caatinga, CE=Cerrado, AF= Atlantic Forest, NSA=Northern South America.
Because none of the included species are unique to Central America, the Guyana Shield, or the
Caribbean Islands, these areas were included in the broad designation of Northern South
America. Substrate depth was assigned according to experimental evidence on maximum
burrowing capacity where possible (indicated by *), and natural history observations. Basking
behavior was divided into two categories, “some” and “no,” according to natural history
observations.

Acratosaura
mentalis
Acratosaura
spinosa
Alexandresaurus
camacan
Calyptommatus
confusionibus
Calyptommatus
leiolepis
Calyptommatus
nicterus
Calyptommatus
sinebrachiatus
Caparaonia
itaiquara
Colobodactylus
dalcyanus
Colobodactylus
taunayi
Colobosaura
modesta
Ecpleopus
gaudichaudii
Gymnophthalmus
cryptus
Gymnophthalmus
leucomystax
Gymnophthalmus
pleei
Gymnophthalmus
speciosus

primary
region(s)
CA

substrate
depth
-2.5

basking
behavior
some

reference

CA

-2.5

some

Rodrigues, et al., 2009a

AF

-2.5

some

Rodrigues et al., 2007

CA

-10

no

Rodrigues, 1996

CA

-10*

no

CA

-10*

no

CA

-10*

no

AF

-5

no

Rodrigues, 1996; Camacho et
al., 2015
Rodrigues, 1996; Camacho et
al., 2015
Rodrigues, 1996; Camacho et
al., 2015
Rodrigues, et al., 2009b

AF

-5

no

Bernardo, Junqueira, & Martins,
2011

AF

-5

no

Rodrigues, et al., 2009b

CE, NSA

-2.5

some

AF

-2.5

some

Freire, da Silva Jorge, & Ribeiro,
2012; Mesquita et al., 2006
Maia et al., 2011

NSA

-2.5

some

NSA

-2.5

some

Hoogmoed, Cole, &
Ayarzaguena, 1992
Vitt & de Carvalho, 1995

NSA

-2.5

some

Turk et al., 2010

NSA

-2.5

some

Hernández-Ruz, 2006}

Rodrigues et al., 2007
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Gymnophthalmus
underwoodi
Gymnophthalmus
vanzoi
Heterodactylus
imbricatus
Heterodactylus
lundii
Heterodactylus
septentrionalis
Iphisa elegans

NSA

-2.5

some

Daudin & de Silva, 2007

NSA

-2.5

no

Vitt & de Carvalho, 1995

AF

-5

no

AF

-5

no

CA

-5

no

NSA

-2.5

some

Micrablepharus
atticolus
Micrablepharus
maximiliani

CE

-2.5

some

Rodrigues, De Freitas, & Silva,
2009c
Rodrigues, De Freitas, & Silva,
2009c
Rodrigues, De Freitas, & Silva,
2009c
Vitt, Magnusson, Avila-Pires, &
Lima, 2008
Vieira et al., 2000

CA, CE,
AF

-2.5*

some

Nothobachia
ablephara
Placosoma
cordylinum
Placosoma
glabellum
Procellosaurinus
erythrocercus
Procellosaurinus
tetradactylus
Psilops
paeminosus
Rondonops
biscutatus
Rondonops
xanthomystax
Scriptosaura
catimbau
Stenolepis
ridleyi
Tretioscincus
agilis
Tretioscincus
bifasciatus
Tretioscincus
oriximinensis
Vanzosaura
multiscutata
Vanzosaura

CA

-10*

no

AF

-2.5

some

AF

-2.5

some

CA

-2.5*

some

CA

-2.5*

some

CA

-5*

no

NSA

-2.5

some

Camacho et al., 2015; Dal
Vechio, Recoder, Zaher, &
Rodrigues, 2014
Camacho et al., 2015;
Rodrigues, 1996
Bruscagin, Dixo, & Bertoluci,
2017
Bruscagin, Dixo, & Bertoluci,
2017
Camacho et al., 2015;
Rodrigues, 1996
Camacho et al., 2015;
Rodrigues, 1996
Camacho et al., 2015;
Rodrigues, 1996
Colli et al., 2015

NSA

-2.5

some

Colli et al., 2015

CA

-10*

no

CA

-2.5

some

Camacho et al., 2015; Rodrigues
& Santos, 2008
Roberto et al., 2016

NSA

-2.5

some

Vitt et al., 2008

NSA

-2.5

some

NSA

-2.5

some

Caicedo, Serrano, & RamírezPinilla, 2007
Vitt & Zani, 1998

CA

-2.5

some

Recoder et al., 2013

CE

-2.5*

some

Camacho et al., 2015; Recoder et
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rubricauda
Vanzosaura
savanicola

CE

-2.5

some

al., 2013
Recoder et al., 2013
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Table S1.2.
Coefficients for Linear Discriminants from Discriminant Function Analyses with macroclimatic
data.
LD1
LD2
LD3
bio2
-0.0039
-0.0489
-0.0500
bio3
0.0053
-0.1562
0.0848
bio4
0.0033
-0.0021
0.0027
bio5
-0.0165
-0.0010
0.0291
bio13
0.0073
0.0005
-0.0057
bio14
-0.0088
-0.0679
0.0055
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Table S1.3.
Coefficients for Linear Discriminants from Discriminant Function Analyses with microclimatic
data.
LD1
LD2
LD3
LD4
bio2
-0.4748
0.1017
-0.4310
0.5918
bio3
-0.0488
0.0872
-0.0187
-0.1776
bio4
0.0155
0.0066
-0.0216
-0.0266
bio5
0.0270
0.0506
0.0362
-0.2511
bio13
-0.0253
0.0348
0.1631
0.0821
bio14
0.1382
0.1354
-0.0054
-0.0284
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Figure S1.1.
Species tree for the Gymnophthalminae sub-family, generated using ASTRAL-II with 167 loci.
Nodal labels indicate bootstrap support.
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Figure S1.2.
Phylogenetic analyses for a subset of the species and with 219 loci recovered the same topology
as the species tree, with higher nodal support for the placement of the genus Micrablepharus.
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Figure S1.3.
Ancestral State Estimation of behavioral traits. Top: Basking behavior. Bottom: Substrate use.
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APPENDIX 2
SUPPLEMENTARY MATERIALS FOR CHAPTER 2

Details of Physiological Assays
While in captivity, lizards were given fresh water daily and fed termites every three days. I
conducted all physiological measurements within four days of capture and again after 10 days in
two distinct thermal treatments in the laboratory. I selected an exposure time of 10 days based on
data compiled by Gunderson and Stillman (2015). I compared the acclimation time and the
effects on CTmin and CTmax for the amphibians and reptiles in their study (excluding the more
distantly related fish, insects, and crustaceans) and found that, above ten days, there was no
significant effect of acclimation time on Acclimation Response Rate, the measurement used in
their original study (Gunderson & Stillman, 2015).
To measure Critical Thermal Minimum and Maximum (CTmin, CTmax), temperatures were
raised and lowered by applying heat lamps and ice packs to the outside of a chamber while
tracking the organism’s body temperature with a thermocouple attached to its dorsal side. I
elected to attach the thermocouple to the dorsal side, as cloacal insertion substantially altered the
organisms’ behavior. I also performed preliminary analyses to ensure that body temperatures as
measured on the dorsal and ventral sides were within 0.2°C at all times (unpublished data).
Sprint speeds were measured in the same randomly selected sequence of four body
temperatures (19°C, 14°C, 24°C, 29°C). These temperatures were selected to span the range of
temperatures at which these lizards are expected to be active in the field, as inferred from their
preferred temperatures in the Tpref experiment. I chose one temperature slightly below the
interquartile range of preferred temperatures which was approximately 18-30°C for all three
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species, and three temperatures within the range. To avoid thermal stress, I did not select
temperatures above this range.
Following Zajitschek et al. 2012, lizards were kept at the selected temperature for at least 30
minutes prior to each trial. They were then individually chased down a 2m track on a cardboard
surface. Infrared photocells and receptors stationed at 25cm intervals allowed us to record the
speed at which the lizard ran in each of eight intervals. Each animal was run twice in quick
succession, allowed to rest for one hour, and run again twice more for a total of four runs at each
temperature and 32 recorded intervals. When observations of body movement indicated that the
animals were running sub-maximally (i.e., walking or running inconsistently), I removed the
results of those trials for the purposes of data analysis (Losos, Creer, & Schulte, 2002). The
highest speed recorded in those 32 intervals was taken as that individual’s maximum sprint speed
at each given temperature (Zajitschek et al., 2012)
To select the optimal model of sprint performance, I generated several models, each
including the effects of specimen identity, body weight, or sex in different combinations. I first
generated a simple model that included only the effect of temperature on sprint speed, using
individual identity as a random factor. I compared this to models that also included body weight
and sex as covariates and a correlation structure, used to incorporate the autocorrelation of
multiple measurements of the same response variable (speed) in each individual. The model with
the lowest Akaike Information Criterion score (AIC; Akaike, 1974) was selected to represent the
thermal performance curve of each species at its collection site. For Caparaonia itaiquara and
Colobodactylus dalcyanus, the simplest models (those that did not include body weight, sex or a
correlation structure) provided better fit, while for Mabuya dorsivittata including a correlation
structure (corAR1) resulted in a better fit model.
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Testing for short-term plastic responses
By exposing the animals to two different thermal conditions in the lab I was able to explore
short-term plastic responses. Half the individuals collected per species were exposed to
controlled conditions of 17°C at night and 21°C during the day, while the other half experienced
21°C at night and 24°C during the day. Individuals were randomly assigned to those two groups.
I chose these temperature treatments based on knowledge of field temperatures. From
preliminary measurements of environmental temperatures (unpublished data), I expected the cool
treatment (17°C night/21°C day) to be close to the temperatures the lizards typically experienced
under rocks in the field. The warm treatment (21°C night/24°C day) was chosen to be closer to
the lizards’ thermal preferences.
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Figure S2.1.
Fitted thermal performance curves of maximum sprint speed. Dotted lines indicate standard error
generated by the Generalized Additive Mixed Models, and gray points represent individual runs.
Blue areas indicate the range of temperatures experienced by the lizards in the sites where
physiological data was collected, as inferred from outputs from NicheMapR analyses.
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Figure S2.2.
Maps of estimated thermophysiological performance across the Atlantic Forest with inset of the
forest, showing the Sprint Score for each species based on physiological data from a high
elevation population. Maps for Caparaonia itaiquara (top), Colobodactylus dalcyanus (center),
and Mabuya dorsivittata (bottom) all show lower sprint potential in the sites where these traits
were collected, and, in the case of Ca. itaiquara and Co. dalcyanus, in all sites where the species
occur. For these species, close relatives occupy areas that offer higher thermophysiological
performance. In the case of M. dorsivittata, many members of the target species as well as
closely related species occupy areas with high estimated performance.
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Figure S2.3.
Maps of estimated thermophysiological performance across the Atlantic Forest with inset of the
forest, showing Hours within Preferred Temperatures for each species based on physiological
data from a high elevation population.
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Figure S2.4.
Maps of estimated thermophysiological performance across the Atlantic Forest with inset of the
forest, showing Hours within Critical Temperatures for each species based on physiological data
from a high elevation population.
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Figure S2.5.
Maps of estimated thermophysiological performance across the Atlantic Forest with inset of the
forest, showing Hours above Optimal Temperatures for each species based on physiological data
from a high elevation population.
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Table S2.1.
Physiology measurements (CTmax, CTmin, Tpref) after exposure to laboratory conditions of
17°C nights with 21°C days (Lab1; cool), and 21°C nights with 24°C days (Lab 2; warm) for 10
days.

CTmin
CTmax
Tpref

CTmin
CTmax
Tpref

CTmin
CTmax
Tpref

Caparaonia itaiquara, Parque Nacional de Caparaó
n-cool n-warm mean-cool mean-warm effect size
power
9
7
7.889
8.136
-0.19
0.099
9
7
35.911
36.683
-0.43
0.203
8
7
23.321
24.876
-0.51
0.239
Colobodactylus dalcyanus, Parque Nacional de Itatiaía
meann-cool
n-warm
mean-warm effect size
power
cool
2
4
7.81
9
-0.69
0.165
2
3
35.175
36.027
-3.21
0.84
3
4
24.203
18.26
1.82
<0.001
Mabuya dorsivittata, Parque Nacional do Caparaó
meann-cool
n-warm
mean-warm effect size
power
cool
1
3
7.25
8.833
2.23
<0.001
1
3
40
40.48
2.04
<0.001
1
3
21.07
28.817
2.17
<0.001

p value
0.356
0.206
0.174
p value
0.244
0.025
0.951
p value
0.903
0.89
0.899
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Table S2.2.
Model selection of thermal performance curves for maximum sprint speed. For each potential
effect, Generalized Additive Mixed Models were compared. The model with the lowest AIC
value was selected for each species. Selected model is bolded for each comparison.

No covariates
Body weight as covariate
Sex as covariate
Acclimation group as
covariate
Correlation structure
based on individual
identity

Caparaonia
itaiquara
-122.12
-119.18
-112.61

Colobodactylus
dalcyanus
-22.28
-19.89
-15.83

Mabuya
dorsivittata
0.92
7.54
5.62

-115.17

-18.12

5.44

-120.17

-20.29

-2.64
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Table S2.3.

Sprint
29C
Lab
Temp
Tpref
lab
Ctmin
lab
Ctmax
lab

38.5

Sprint
24C

8.3

Sprint
19C

26.2

Sprint
14C

Long

Lat

Ctmax
field

MTR
26237

Ctmin
field

Caparaonia
itaiquara
Caparaonia
itaiquara

Body
weight
(g)
Tpref
field

MTR
26111
MTR
26114

Sex

Species

Specime
n ID

Physiological measurements collected for individuals from Caparaonia itaiquara, Colobodactylus dalcyanus, and Mabuya
dorsivittata. Asterisks denote pregnant or gravid females (M. dorsivittata is a viviparous species while Ca. itaiquara and Co.
dalcyanus are oviparous). These individuals were included in all analyses, as experimental values for all measurements fell within the
range of other individuals of the species. Tpref, CTmin, CTmax and lab temperatures (night/day) are in °C. Sprint speeds are in mm/s.
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1.9

26

6.5

37.3
27.5

21.5

37.8

78. 21/
1 24

21.
46

MTR
26235
MTR
26258
MTR
26115
MTR
26256
MTR
26265
MTR
26244
MTR
26253
MTR
26233

6

M -22.3739

-44.704

3 21

M -22.3581 -44.7375

1.6

25.1

5.75

36.1
4

M -22.3598 -44.7373

1.7

27.8

6.75

36.7

30.7

37.6

54.7

47. 17/
3 21

25.
27

F -22.3767 -44.6965

1.8

25.4

7.25

33.2

18.9

41.3

41.5

39. 21/
5 24

17.
05

M -22.3766 -44.6961

2.8

28.9

8.25

36.2
8

30.4

45.6

180.
05

53. 21/
2 24

16.
7

F -22.3766 -44.6961

1.5

28.2

8

35.5

13.1

14

33.1

36. 17/
1 21
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0.
6
7.
5
9.
2
5

6.
5

8.
7
5
6.
7
2
9.
2
5
1
1.
5

6
39.
08
36.
9

36.
33

35.
75
35
36

MTR
26234
MTR
26261

Colobodacty
lus
dalcyanus
Mabuya
dorsivittata
Mabuya
dorsivittata

MTR
26252

Mabuya
dorsivittata

MTR
26218
MTR
26232
MTR
26127
MTR
26126
MTR
26124

Mabuya
dorsivittata
Mabuya
dorsivittata
Mabuya
dorsivittata
Mabuya
dorsivittata
Mabuya
dorsivittata

MTR
26262

Mabuya
dorsivittata

MTR
26219
MTR
26231
MTR
26217

Mabuya
dorsivittata
Mabuya
dorsivittata
Mabuya
dorsivittata

MTR
26254

Mabuya
dorsivittata

MTR
26268

*F -22.3581 -44.7375

2.7

*F -20.4328

41.7983

F

71. 17/
6 21

19.
9

8.
9

35.
35

55.
8
24.
5

17/
21
21/
24

20.
61

40.
5

122.
74

109 21/
.07 24

32.
21

1
0
7.
2
5

69.3

59. 17/
6 21

53.6

19. 17/
1 21

7.25

32.7

50.4

61.8

44.3

6.9

7.8

42.7

32.9

83.8

79.9

-20.457 -41.8078

2.1

8.2

23.4

22.8

24.3

F

-20.467 -41.8143

3.5

7.3

43.1

86.9

M

-20.456 -41.8079

2.0
5

F

-20.456 -41.8079

4.4

6.5

25.3

24.2

F -20.4328 -41.7983

1.7
5

9.5

M -20.4328 -41.7983

4.7

6.8

M -20.4328 -41.7983

26.2

41.5

-20.457 -41.8077

6.75

F -20.4559 -41.8063

3.5

8.82

F -20.4559 -41.8063

3.5

9

F -20.4559 -41.8063

2.0
5

7.75

6.9

10

*F -20.4554

-41.801

39.5

9.25
5.0
5

M

40

37.8

44.7

25.5

41.8

42.3

36.8

77.2

33.6

70.8
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21.
07

7.
2
5

40

33.
63

9.
2
5

40.
94

21/
24
17/
21

27. 21/
7 24

Table S2.4.
Parameters used to estimate hourly body temperature with ectotherm model from NicheMapR.
For all three species, body temperatures were modeled under the assumption that animals were
only active during the day, were able to seek shade and to retreat to burrows with a maximum
depth of 5cm.
mass
(grams)
Caparaonia
itaiquara
Colobodactylus
dalcyanus
Mabuya
dorsivittata

shape

CTmin

CTmax

Tpref

3 cylindrical

8.56

37.96

23.86

3 cylindrical

7.3

35.54

26.75

3 cylindrical

8.14

40.76

24.73

116

Table S2.5.
Mean daily values for the suitability metrics Hours above Optimal Temperatures and Hours
above Critical Temperatures at the collection point, in sites occupied by other populations of the
target species, and in sites occupied by their closely related species. Different letters denote
groups with statistically significant differences as per Wilcoxon Signed-Rank Tests, p<0.05.
Metric
Caparaonia
itaiquara

Colobodactylus
dalcyanus

Mabuya dorsivittata

Hours above Optimal
Temperatures
Hours above Critical
Temperatures
Hours above Optimal
Temperatures
Hours above Critical
Temperatures
Hours above Optimal
Temperatures
Hours above Critical
Temperatures

Collection
Point

Target
Species

Close
Relatives

0a

-

0.031a

0a

-

0a

0a

0a

0.001a

0a

0a

0a

0a

0.172b

0.46c

0a

0a

0a
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APPENDIX 3
SUPPLEMENTARY MATERIALS FOR CHAPTER 3
Table S3.1
Morphological measurements and physiological traits. SVL = snout-vent length; TRU = trunk
length; HH = head height; HW = head width; HL = head length; SW = shoulder width; PW =
pelvis width; PH = pelvis height; FEM = femur length; TIB = tibia length; FTL = foot length;
HUM = humeral length ; FAL= forearm length; CTmin= critical thermal minimum; CTmax =
critical thermal maximum; Tpref= thermal preference.
Specimen
Cait26108
Cait26109
Cait26110
Cait26111
Cait26112
Cait26114
Cait26116
Cait26122
Cait26122
Cait26123
Cait26220
Cait26236
Cait26237
Cait26238
Cait26239
Cait26240
Cait26241
Cait26242
Cait26243
Cait26255
Cait26257
Cait26259
Cait26260
Cait26263
Cait26264
Cait26266
Cait26267
Cait33008
Cait33009
Cait33011
Cait33013

Longitude
-41.8192
-41.8183
-41.8182
-41.8335
-41.8233
-41.8334
-41.8141
-41.8123
-41.8123
-41.8048
-41.8048
-41.8123
-41.8023
-41.8013
-41.8137
-41.8183
-41.8241
-41.8143
-41.8196
-41.8123
-41.8123
-41.8010
-41.8053
-41.8048
-41.8022
-41.8216
-41.8132
-41.8074
-41.8010
-41.8059
-41.8059

Latitude
-20.4181
-20.4185
-20.4185
-20.4132
-20.4160
-20.4128
-20.4671
-20.4667
-20.4667
-20.4553
-20.4553
-20.4663
-20.4274
-20.4552
-20.4668
-20.4185
-20.4152
-20.4670
-20.4177
-20.4663
-20.4663
-20.4554
-20.4554
-20.4553
-20.4560
-20.4166
-20.4677
-20.4559
-20.4557
-20.4558
-20.4558

Sex
f
m
f
f
m
f
f
f
f
f
m
f
m
m
f
f
f
f
f
f
f
f
m
f
f
f
m
f
f
m
f

SVL
52.73
57.68
55.07
37.15
42.48
33.47
31.18
52.14
53.92
54.62
54.15
48.21
52.11
53.58
52.05
55.29
56.67
56.62
54.68
47.77
53.27
53.4
54.12
37.35
50.69
50.81
52.5
56.33
54.81
59.56
55.54

TRU
29.38
31.61
31.75
18.9
21.63
18.05
16.69
27.87
30.81
32.05
29.92
26.56
29.35
25.85
29.13
29.61
30.13
31.17
29.15
26.31
30.01
27.23
28.59
20.09
29.01
27.49
27.78
30.4
31.78
32.78
32.26

HH
3.95
5.71
4.76
3.83
3.94
3.33
2.86
4.63
4.83
4.94
5.25
4.19
5.2
5.27
4.75
4.77
4.91
4.75
4.64
4.06
5.01
4.6
4.62
3.47
4.13
4.87
5.27
4.63
4.58
5.63
4.6
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Cait33019
Cait33020
Cait33021
Cait33022
Cait33024
Cait33025
Cait33028
Cait33029
Cait33031
Cait33033

-41.8159
-41.8135
-41.7853
-41.7865
-41.8159
-41.7861
-41.8161
-41.8152
-41.8152
-41.8132

Table S3.1 cont.
Specimen
HW
Cait26108
6.02
Cait26109
8.24
Cait26110
6.31
Cait26111
5.34
Cait26112
5.76
Cait26114
4.91
Cait26116
4.63
Cait26122
5.85
Cait26122
6.49
Cait26123
6.3
Cait26220
6.83
Cait26236
5.75
Cait26237
7.43
Cait26238
6.84
Cait26239
6.21
Cait26240
6.59
Cait26241
6.75
Cait26242
6.26
Cait26243
6.38
Cait26255
5.74
Cait26257
6.56
Cait26259
6.59
Cait26260
6.02
Cait26263
5.11
Cait26264
6.01
Cait26266
6.46
Cait26267
6.98
Cait33008
6.3
Cait33009
6.56

HL
9.54
11.88
10.29
7.9
8.99
6.84
6.6
9.67
9.93
9.57
10.91
9.02
11.21
11.11
10.18
10.15
10.2
9.97
10.07
8.98
9.4
9.75
11.65
8.16
9.3
9.55
10.62
9.95
10.27

-20.4210
-20.4105
-20.4235
-20.4217
-20.4210
-20.4224
-20.4209
-20.4212
-20.4665
-20.4666

f
m
m
f
f
f
f
m
f
f

SW
4.91
5.83
5.6
4.37
4.93
3.84
3.74
4.28
5.07
4.71
4.95
4.72
5.51
6.06
5.22
5.4
5.88
4.85
4.99
4.08
4.65
5.55
4.57
3.48
4.73
4.74
5.02
5.07
4.72

PW
4.7
5.48
4.84
3.84
4.13
3.32
3.64
5.12
5.58
5.06
5
4.57
4.94
5.09
5
5.63
5.23
4.52
5.39
4.2
4.61
4.77
4.38
3.55
4.45
4.8
4.85
5.04
4.89

55.75
48.74
49.44
52.41
50.73
50.06
48.75
52.39
53.75
55.22

PH
4.76
4.96
4.73
3.65
4.02
3.36
2.63
4.65
4.92
4.8
4.82
3.79
4.82
5.6
4.3
4.54
4.7
3.85
4.77
3.39
4.37
4.03
3.98
3.23
4.11
4.2
4.47
5.25
5.19

29.34
24.45
27.18
29.35
28.61
26.39
25.89
26.99
30
32.05

4.28
3.84
4.35
3.94
4.16
4.12
4.13
4.45
4.59
4.34

FEM
4.74
5.77
4.86
4.11
4.72
3.49
3.46
5.12
5.7
5.11
5.88
4.99
5.68
5.54
5.52
4.83
5
5.17
4.99
4.95
5.2
5.18
5.5
3.61
4.96
5.37
4.97
5.33
5.54
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Cait33011
Cait33013
Cait33019
Cait33020
Cait33021
Cait33022
Cait33024
Cait33025
Cait33028
Cait33029
Cait33031
Cait33033

7.57
6.15
6.12
6.03
6.51
5.8
5.87
5.88
6.09
6.91
6.55
5.92

Table S3.1 cont.
Specimen
TIB
Cait26108
4.65
Cait26109
5.28
Cait26110
4.91
Cait26111
3.96
Cait26112
4.59
Cait26114
3.24
Cait26116
3.21
Cait26122
4.59
Cait26122
5.58
Cait26123
4.72
Cait26220
5.14
Cait26236
4.77
Cait26237
5.29
Cait26238
4.99
Cait26239
5
Cait26240
4.96
Cait26241
4.75
Cait26242
5.13
Cait26243
4.73
Cait26255
4.4
Cait26257
4.83
Cait26259
4.87
Cait26260
5.35
Cait26263
3.74
Cait26264
4.68
Cait26266
4.81
Cait26267
4.75
Cait33008
4.78

11.4
9.9
10.13
9.68
10.03
9.22
9.47
9.36
9.71
10.53
9.82
9.76

5.11
3.9
4.53
4.14
4.42
4.36
5.04
4.76
4.42
5.17
4.5
4.93

FTL
8.24
9.09
7.61
6.48
7.22
6.03
5.04
7.29
8.36
7.93
9.17
7.3
8.67
8.85
9.09
9.24
8.22
8.36
8.48
7.89
7.96
7.63
9.4
6.33
7.2
7.68
8.55
8.51

HUM
3.85
4.11
3.91
3.04
3.41
2.98
2.88
3.67
3.86
3.82
3.78
3.49
4.23
3.9
3.85
4.33
4.14
3.7
3.83
3.63
3.78
3.27
4.28
3.01
3.78
3.98
3.32
4.57

5.42
4.42
5.65
4.88
4.95
5.09
5.1
4.9
5.14
4.68
5.1
4.92
FAL
8.04
8.82
7.99
6.1
7.12
5.75
5.7
7.3
7.63
7.91
8.46
7.22
8.51
8.2
7.98
8.56
7.76
7.84
7.55
7.19
7.68
7.74
8.29
5.66
7.2
7.59
8.23
7.75

5.35
4.71
5.25
4.7
5.3
4.93
4.92
4.17
4.56
5.21
4.21
4.83
Tpref
26.125
23.425
26.095
26.24
27.44
20.01
26.6
18.52
18.52
26.83
23.01
23.29
25.765
25.51
23.01
23.335
23.28
25.94
26.825
18.56
21.925
24.76
25.125
20.965
24.89
23.86
18.92
27.28

5.61
5.05
5.36
4.85
5.27
4.75
5.05
5.38
5.16
5.48
5.05
5.42
CTmin
9.25
6.75
7.5
8.25
9.5
7.75
10.4
9.7
9.7
7.7
8.6
4.9
6.3
10.5
9.57
9.25
6.25
7.75
8.5
13
7
7.9
11.5
7.5
9.4
7.75
9
5.1

CTmax
39.4
37.2
39.4
38.5
34.8
37.4
36.2
38.2
38.2
39
39.7
37.5
37.3
38.7
39.4
39.66
39.43
41
39.8
35
38.5
38.4
39
36.5
35.2
39.4
37.5
39.35
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Cait33009
Cait33011
Cait33013
Cait33019
Cait33020
Cait33021
Cait33022
Cait33024
Cait33025
Cait33028
Cait33029
Cait33031
Cait33033

4.53
5.15
4.89
4.64
4.77
4.68
4.72
4.75
4.27
4.72
4.82
4.89
4.94

9.02
8.33
8.2
9.29
8.99
8.62
7.6
8.17
8.29
9.11
8.8
7.66
8.17

3.97
4.27
4.1
3.61
3.94
3.54
3.97
4.04
3.56
3.87
2.93
3.53
3.63

8.32
8.27
8.13
8.09
7.94
7.95
7.92
7.43
7.77
8.26
7.81
7.68
7.32

24.6
26.61
26.01
26.93
23.82
19.7
26.53
12.65
17.62
23.34
22.93
15.56
24.64

7
6
4.5
5.75
6.12
4.25
6
5.75
5.75
6.75
5
4.75
5

38.3
38.2
39.6
38.4
39
37
40.25
38.7
38
38.5
38.9
39.3
39.8
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Table S3.2.
Results from ADMIXTURE and CLUMPAK showing ancestry coefficients for each genetic
sample.
Sample
Anc. Coef. A Anc. Coef. B
Cait10761
0.00
1.00
Cait10754
0.05
0.95
Cait33020
0.00
1.00
Cait26241
0.00
1.00
Cait26243
0.09
0.91
Cait26109
0.07
0.93
Cait26110
0.00
1.00
Cait26240
0.00
1.00
Cait10905
0.00
1.00
Cait10848
0.00
1.00
Cait10804
0.00
1.00
Cait33028
0.00
1.00
Cait33019
0.00
1.00
Cait33024
0.00
1.00
Cait10809
0.00
1.00
Cait33029
0.00
1.00
Cait10904
0.00
1.00
Cait33022
0.00
1.00
Cait33023
0.00
1.00
Cait10811
0.00
1.00
Cait10860
0.11
0.89
Cait10851
0.13
0.87
Cait33021
0.58
0.42
Cait10855
0.00
1.00
Cait26237
0.00
1.00
Cait10810
0.00
1.00
Cait26220
0.96
0.04
Cait26123
1.00
0.00
Cait26263
1.00
0.00
Cait26260
1.00
0.00
MTR33009
1.00
0.00
Cait33010
0.95
0.05
Cait33011
1.00
0.00
Cait33008
1.00
0.00
Cait26264
1.00
0.00
Cait33012
1.00
0.00
Cait26255
1.00
0.00
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Cait26257
Cait26236
Cait33030
Cait33031
MTR33032
Cait33033
Cait26122
Cait26239
Cait26116
Cait10907
Cait10918

1.00
1.00
0.89
1.00
0.87
0.88
0.44
0.94
1.00
0.08
0.91

0.00
0.00
0.11
0.00
0.13
0.12
0.56
0.06
0.00
0.92
0.09
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Table S3.3.
Fit of datalogger temperatures to temperature output of microclimate model run with either rock
or sandy loam soil parameter, calculated as root-mean-square error (RMSE). Four dataloggers
were placed in different microhabitats at each of seven sites. Lower RMSE values indicate better
fit. The best fit model at each site is shaded gray.
Latitude
Longitude soil
exposed in
in
under
mean
parameter
grass
soil
rock
-20.43487 -41.79730 rock
5.55
5.55
sandy loam
2.07
2.07
-20.46685

-41.81392 rock
sandy loam

6.63
5.48

-

5.48
2.71

-

6.05
4.10

-20.45535

-41.80097 rock
sandy loam

-

-

5.20
1.82

-

5.20
1.82

-20.43463

-41.79538 rock
sandy loam

4.68
6.59

-

4.10
6.33

-

4.39
6.46

-20.46813

-41.73178 rock
sandy loam

6.36
3.63

2.51
3.19

-

2.58
2.59

3.82
3.14

-20.42003

-41.80609 rock
sandy loam

6.34
4.02

3.01
5.20

5.17
3.74

2.15
5.31

4.17
4.57

-20.42101

-41.81188 rock
sandy loam

-

-

5.53
3.21

-

5.53
3.21
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Table S3.4.
Correlations among landscape and physiological metrics. Correlations of magnitude greater than
0.8 are shown in bold.
Present
Body
Temp
min
Present
CTmin deghrs
Present Body
Temp min
Present Days
under CTmin
Present Days
without
OptTemps
Present MAX
hrs under
CTmin
Present Sprint
Score
LGM CTmin
deghrs
LGM Body
Temp min
LGM Days
under CTmin
LGM Days
without Opt
Temps
LGM MAX
hrs under
CTmin

0.37

Present
Days
under
CTmin

Present
Days
without
OptTem
ps

Present
MAX
hrs
under
CTmin

Present
Sprint
Score

LGM
CTmin
deghrs

LGM
Body
Temp
min

LGM
Days
under
CTmin

LGM
Days
without
Opt
Temps

LGM
MAX
hrs
under
CTmin

LGM
Sprint
Score

-0.76

-0.53

-0.69

0.34

0.71

0.40

-0.37

-0.44

-0.34

0.30

-0.56

-0.49

-0.56

0.96

0.72

0.96

-0.94

-0.67

-0.92

0.93

0.60

0.98

-0.54

-0.86

-0.62

0.59

0.61

0.53

-0.48

0.66

-0.57

-0.66

-0.47

0.52

0.87

0.62

-0.50

-0.56

-0.85

-0.61

0.59

0.65

0.55

-0.49

0.72

0.95

-0.95

-0.72

-0.94

0.96

0.78

-0.78

-0.68

-0.71

0.65

-0.95

-0.58

-0.87

0.91

0.65

0.95

-0.89

0.78

-0.64

-0.88
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Figure S3.1.
Mitochondrial haplotype clusters shown in geographic space within Parque Nacional do Caparaó.
Points are colored according to haplotype cluster assignments.
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Figure S3.2.
Physiological suitability maps for C. itaiquara, showing six suitability metrics in the present and
during the LGM. Lighter background indicates higher suitability value. Points are colored
according to the genetic cluster to which each individual was assigned.
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Figure S3.3.
Relationships between original metric values and resistance values used to optimize each
resistance surface, for the six physiological suitability metrics.
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